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GENERAL INTRODUCTION 
Mineralization and immobilization of N often occur 
simultaneously in soils, and this results in a turnover of N 
within pools of inorganic and organic N. This turnover, 
often called mineralization-immobilization turnover (MIT), 
can be measured only after isotopically labeled N is added to 
one of the pools. Measurements of this turnover indicate 
actual rates of mineralization and immobilization occurring 
and, therefore, provide important information about N 
transformations in soils. Failure to consider this turnover, 
however, can cause errors in interpretations of l^N-tracer 
studies of transformations and movement of N in soils. 
Recent ^®N-tracer studies leave little doubt that 
mineralization-immobilization turnover of N has major effects 
on the fate of N applied to Iowa corn fields. There have 
been few studies of turnover of N under controlled 
conditions, however, and the factors affecting the processes 
are poorly understood. A better understanding of factors 
affecting turnover seems essential for understanding N 
transformations in Iowa corn fields. 
A better understanding of MIT may help resolve a current 
problem in explaining the reason for differences in 
fertilizer requirements of corn grown after corn and corn 
grown after soybean. It is well established that corn {Zea 
mays L.) grown in rotation with soybean [Glycine max (L.) 
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Merr.] usually yields more than corn grown in continuous 
monoculture if both crops are fertilized with adequate N to 
alleviate deficiencies. The rates of N fertilization 
required to attain a given yield of corn usually, however, 
are less for corn after soybean than for continuous corn. In 
Iowa an "N credit" of 45 kg N/ha is used to reduce N 
fertilizer recommendations for corn after soybean. Although 
it is commonly assumed that N credits are necessary because 
soybean crops fix N and leave residual N for succeeding 
crops, there is evidence that soybean crops effect a net 
removal of N from soils. If this is essentially correct, 
then current models of the N cycle provide no rational 
explanation as to why N credits are needed. 
Mounting evidence suggests that fixation and release of 
fertilizer NH** is important in many agricultural soils. 
The effects of fixation and release of ammonium as a source 
of turnover of N in soils has never been evaluated. 
Laboratory studies were conducted under controlled 
conditions to learn more about factors affecting amounts of 
turnover of N in soils used for corn production. 
Explanation of Dissertation Format 
The dissertation is presented as three papers suitable 
for publication. Paper I, "Turnover of nitrogen during corn 
residue decomposition in soils" will be submitted to Soil 
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Biology and Biochemistry. Paper II, "Turnover and carryover 
of nitrogen in soils from fields having various cropping 
histories", and Paper III, "Release of fixed ammonium during 
nitrification as a source of turnover of N in soils", will be 
submitted to the Soil Science Society of America Journal. 
The three papers are preceded by a General Introduction and 
succeeded by a General Summary. Two appendices include 
information relevant to Paper II but will not be submitted 
for publication. 
Paper I contains some data originally presented in my 
Master's thesis. The quantitative discussion of turnover and 
the effects of temperature, however, were not presented in 
that thesis. These discussions represent work done after 
completion of my MS thesis, and they are critical for 
discussions in Paper II and Paper III; therefore, these data 
will be included in this dissertation. 
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PAPER I. TURNOVER OF NITROGEN DURING CORN RESIDUE 
DECOMPOSITION IN SOILS 
5 
INTRODUCTION 
Mineralization and immobilization of N often occur 
simultaneously in soils, and this results in a turnover of N 
within pools of inorganic and organic N. This turnover, 
often called mineralization-immobilization turnover (MIT), 
can be measured only after isotopically labeled N is added to 
one of the pools. Measurement of this turnover can provide 
important information about N transformations in soils. 
Failure to consider this turnover, however, can cause 
significant errors in interpretations of tracer studies to 
assess fertilizer recovery in various pools of N in soil 
(Jansson and Persson, 1982). 
One potential error in interpretation relates to priming 
effects. A priming effect clearly occurs when the addition 
of N increases the rate of mineralization of N from soil 
organic matter. Numerous authors have discussed priming 
effects (Broadbent and Norman, 1946; Jansson, 1958; Stewart 
et al., 1963a; Broadbent, 1965; Aleksic et al., 1968; 
Jansson, 1971; Westerman and Kurtz, 1973; Fried and 
Broeshart, 1974; Hauck and Bremner, 1976; Yoshida and Padre, 
1977; Edwards, 1978; Riga et al., 1980; Van Cleemput and 
Baert, 1980; Jansson and Persson, 1982). Some possible 
explanations include fertilizer-induced stimulation of 
biomass (Westerman and Kurtz, 1973), hydrolysis of organic 
material due to acidity produced during nitrification of 
6 
fertilizers (Turchin, 1964), and osmotic effects (Broadbent 
and Nakashima, 1971). 
When mineralization-immobilization turnover occurs, the 
addition of labeled inorganic N fertilizer often results in 
increased concentrations of nonlabeled N even when the 
addition of N does result in a net increase in rates of N 
mineralization from the soil organic matter (Hauck and 
Bremner, 1976; Jansson and Persson, 1982). It is not clear 
whether or not this should be considered a priming effect. 
Jenkinson et al. (1985) tried to circumvent this 
confusion by introducing the term "added nitrogen 
interaction" (ANI) to describe any effect that the addition 
of N to a soil may have on N already present. Thus, for a 
given pool of N within a soil, the ANI is defined as any 
increase (or decrease) in the quantity of nonlabeled N in 
that pool caused by the addition of N. Furthermore, they 
indicated that ANIs could be classified as being either 
"apparent" or "real". ANIs are real when the fertilizer 
causes a change in the processes that move N into or out of a 
particular pool. ANIs are apparent if they are merely 
artifacts of the isotope techniques. Mineralization-
immobilization turnover, of course, is a major source of 
artifacts in isotope techniques (Jansson and Persson, 1982; 
Jenkinson et al., 1985; Hart et al., 1986). 
The analysis of ANIs by Jenkinson et al. (1985) does not 
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give direct consideration to the effects of turnover during 
the decomposition of residues added to soils. For example, 
they consider added N and soil derived N without discussion 
of the fate of N contained in residues. The fate of this N 
has not been clearly established. Molina et al. (1990) 
discussed the possibility that N in residues was utilized by 
decomposers before it was mineralized to inorganic N (direct 
hypothesis) and the alternative possibility that N in 
residues was utilized by decomposers only after it was 
mineralized (MIT hypothesis). The amounts of turnover 
expected would vary depending on which hypothesis best 
describes the decomposition process. 
The objectives of this study were to assess the effects 
of N availability and stover addition on mineralization-
immobilization turnover during the decomposition of corn 
residues in soil. The rationale for this study was that a 
better understanding of N turnover in soils might resolve 
some of the confusion associated with priming effects, added 
nitrogen interactions, and interpretations of ^^N-tracer 
studies. 
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MATERIALS AMD METHODS 
The soil used in this experiment was a surface (0-15 cm) 
sample of Galva silty clay loam (Typic Hapludoll) from 
Holstein, Iowa (pH 5.8; total N, 2145 mg N/kg; inorganic N, 
11 mg N/kg). The bulk sample was collected from a 
nonfertilized corn field when the corn plants had reached 
physiological maturity. Although all weights were expressed 
on an oven-dry basis, the soil was used in the field moist 
condition after being passed through a 2-mm sieve. 
Ten-g samples of soil were placed in 10 sets of 237-mL 
French Square bottles (48 bottles per set) fitted with number 
7 one-hole stoppers equipped with glass stopcocks (1-mm-diam 
bore). The soil samples were treated with a factorial 
combination of KNO3 having 5 atom percent (0, 11, 22, or 
44 mg N/kg soil) and corn stover (0, 2000, 4000, and 8000 mg 
stover/kg soil) and replicated three times. The N was 
applied in 3 mL of water. The corn stover (C:N ratio 74:1) 
was obtained from a nonfertilized plot at physiological 
maturity and was ground to pass a 1.0-mm screen. Each bottle 
was stoppered and weighed after receiving its treatment. The 
bottle weights were monitored throughout the experiment and 
water was added as needed to maintain original moisture 
contents. 
All bottles were placed in an incubator at 24°C. At 3, 
6, 11, 16, 23, 30, 40, 50, 65, and 90 days of incubation, one 
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set of 48 bottles was analyzed. Remaining bottles were 
flushed with breathing quality air. Analysis for COg was 
done by injecting a sample of the atmosphere from each of the 
bottles into a Tracor model 540 gas chromatograph (Tracor 
Inc., Austin, Texas) equipped with an ultrasonic detector and 
a column system described by Blackmer and Bremner (1977). 
After gas analysis, the soil in each bottle was extracted 
with 50 mL of 2M KCL, and the extract was analyzed for 
exchangeable ammonium and nitrate by steam distillation with 
MgO-Devarda's alloy as described by Keeney and Nelson (1982). 
Total N was determined on two extra sets of samples incubated 
0 and 90 days by using the permanganate-reduced iron modified 
semimicro-Kjeldahl method to include nitrite and nitrate 
(Bremner and Mulvaney, 1982). Isotope-ratio analyses were 
performed by using a Finnigan MAT 250 mass spectrometer and 
procedures described by Sanchez and Blackmer (1988). 
Turnover of N within the nitrate pool was calculated by 
using Equation 1, 
100 - ((At-As)/(Ao-As)*100) 
where, 
A^ = the atom percent of the nitrate pool when 
mineralization had returned nitrate concentrations 
to their initial values, 
Ag = the atom percent of the nitrate pool (before 
fertilization), and 
AQ = the initial atom percent of the nitrate pool 
(after fertilization). 
Net immobilization (I) by soil microorganisms 
decomposing the stover was calculated by using Equation 2, 
I = (Nso - Nst) + (Net - Nco) 
where, 
N = the amount of nitrate found in the soil, 
s = samples with stover, 
c = samples without stover, 
o = beginning of incubation, and 
t = end of an incubation period. 
The C:N ratio for the pool including both the decomposer 
biomass and the stover was calculated by using Equation 3, 
C:N = (Co-Cj/fNo+NJ 
Where, 
CQ = C originally contained in the stover, 
= stover C mineralized during the decomposition of 
the stover (from Green, 1989), 
NQ = N originally contained in the stover, and 
Ni = N immobilized during the decomposition of the 
stover. 
The effects of temperature on residue decomposition were 
estimated by using Equation 4 (Stroo et al., 1989), 
R = 1. 32 [ (2 (T+A) ^ (T^+A) (T+A) / (T^+A) * 
where, 
R = temperature rate factor, 
T = temperature, 
= optimum temperature (33°C), and 
A = constant (6.1°C). 
Values for R were calculated for each month by using 
monthly average soil temperatures and Equation 4. The number 
of days in each sampling period was then divided by the 
appropriate R to estimate equivalent time in the field. 
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RESULTS AND DISCUSSION 
Kjeldahl analyses on the soil showed that essentially 
all labeled N was present in the soil at the end of the 
incubation and, therefore, that denitrification was not a 
significant fate of labeled N in this study. Analyses 
throughout the incubation showed that concentrations of 
exchangeable ammonium remained low (i.e., averaged less than 
2 mg N/kg) and were relatively unaffected by the nitrate or 
stover treatments. It is reasonable, therefore, to use 
decreases in concentrations of nitrate as indicators of net 
immobilization and increases in concentrations of nitrate as 
indicators of net mineralization. Net, rather than actual, 
amounts of immobilization or mineralization are indicated 
because some mineralization may have occurred during periods 
of net immobilization and because some immobilization may 
have occurred during periods of net mineralization. 
Additions of stover prompted a period of net 
immobilization that was followed by a period of net 
mineralization (Fig. 1). Increases in amounts of stover 
added tended to increase both the amounts of N immobilized 
and the length of the period of net immobilization. These 
observations are consistent with many earlier observations 
which indicate that microorganisms utilize available N from 
the soil environment when decomposing plant residues having 
high C;N ratios (Jansson, 1958; Alexander, 1977). 
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Figure 1. Concentrations of nitrate found in a Galva soil treated with various 
amounts of stover and labeled nitrate and incubated for up to 90 days 
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Nitrate-N immobilized early in the study was labeled 
because labeled N was added to nitrate pool at the start of 
the study. Isotope ratio analyses revealed, however, that 
most of the N subsequently mineralized was nonlabeled (Fig. 
1). This finding indicates that little of the N incorporated 
into microbial biomass during stover decomposition was 
mineralized to nitrate during this study. Similar 
observations have been made in many previous studies 
(Bartholomew, 1955; Stojanovich and Broadbent, 1956; 
Broadbent and Tyler, 1962; Jansson, 1963; Stewart et al., 
1963b; Broadbent and Nakashima, 1965; Legg et al., 1970; 
Shields et al. 1973; Wickramasinghe et al., 1985; Recous et 
al., 1990). Although little of this N was released to the 
nitrate pool, it is possible that this N was cycled within 
the microbial biomass without mixing with the pool of nitrate 
in the soil solution. 
Immobilization of labeled N followed by mineralization 
of nonlabeled N resulted in measurable turnover of N within 
the nitrate pool. The amounts of turnover, which were 
calculated by using Equation 1 for the time when 
mineralization had returned nitrate concentrations to their 
initial values, ranged from 23 to 94% (Table 1). Within 
nitrate treatments, additions of stover tended to increase 
percentage turnover. Within stover treatments,.additions of 
nitrate tended to decrease percentage turnover. 
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Table 1. Turnover of N within the nitrate pool as affected 
by additions of stover and labeled nitrate 
Stover N 
Time^ added added Turnover* 
rog/g soil mg/kg -Days-
2 11 85 41 
2 22 58 41 
2 44 23 40 
4 11 90 63 
4 22 85 66 
4 44 62 65 
8 11 94 82 
8 22 89 82 
8 44 80 80 
^Turnover of nitrate was calculated by using Equation 1. 
^Days of incubation required for nitrate concentrations 
to return to original values. 
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Data presented in Fig. 1 indicate periods of net 
immobilization and net mineralization in the soil system as a 
whole, but they do not accurately indicate periods of net 
immobilization and net mineralization by the microorganisms 
decomposing the stover. The reason is that, as indicted by 
soils without added stover, considerable amounts of nitrate 
were formed by mineralization of soil organic matter. 
Because the added stover was particulate, it probably had 
little effect on mineralization of SOM in the majority of 
microsites within the bulk soil. Spatial separation of 
microsites with and without added stover gives justification 
for expecting that mineralization of SOM that occurred in 
soils without stover also occurred in soils with stover. 
Drury et al. (1991) concluded that microbial activity in the 
bulk soil would determine mineralization and that 
immobilization would occur only in microsites containing 
readily decomposable residue with a high C;N ratio. 
Figure 2 shows periods of net immobilization by 
decomposers as calculated by using Equation 2. Figure 2 
differs from Fig. 1 because an adjustment has been made for 
nitrate mineralized from SOM. Periods of net immobilization 
by the decomposers are indicated by upward trends of this 
figure, and periods of net mineralization by the decomposers 
are indicated by downward trends in this figure. It is 
evident that increases in initial concentrations of nitrate 
17 
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increased the rates of immobilization and decreased the 
length of the period of net immobilization. Although there 
was little evidence for a period of net mineralization by the 
decomposers when N was limiting throughout the decomposition 
process, there was clear evidence for a period of net 
mineralization when N was abundant in the early stages of 
decomposition. These effects tended to become more 
pronounced with increases in amounts of stover added. These 
observations clearly indicate that lack of available N 
limited the initial stages of stover decomposition at the 
lower levels of initial nitrate. 
Although nitrate availability influenced initial rates 
of decomposition, this effect of nitrate was not evident near 
the end of the study. This is consistent with the 
observation (Table 1) that initial nitrate concentrations had 
little effect on the time required for soil nitrate 
concentrations to return to their initial levels. These 
observations also are consistent with earlier reports that N 
availability influences the initial rates at which plant 
residues decompose, but has little long-term significance in 
most agricultural soils (Stotzky and Norman, 1961; Leuken et 
al., 1962; Allison, 1973; Alexander, 1977; Parr and 
Papendick, 1978; Knapp et al., 1983). 
The decomposition of the corn stover resulted in a rapid 
decrease in the C:N ratio calculated (Equation 3) for a pool 
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including both the decomposer biomass and the stover (Fig. 
3). Such a decrease should be expected as decomposition 
proceeds (Broadbent and Norman, 1946; Alexander, 1977). 
Especially at the higher rates of stover addition, increases 
in N availability accelerated the rate of decrease in this 
C:N ratio. This should be expected if N availability limited 
initial rates of stover decomposition. It should be noted, 
however, that the C:N ratios for all treatments were similar 
by the end of the study. 
Data presented in Table 2 suggest that initial 
availability of nitrate altered the apparent efficiency 
(i.e., amount of N immobilized per amount of CO2-C 
mineralized) of the decomposers during the early stages of 
decomposition. Within stover treatments, additions of 
nitrate tended to increase the amounts of N immobilized per 
COg-C evolved early in the incubation. Within nitrate 
treatments, additions of stover tended to decrease amounts of 
N immobilized per CO2-C evolved early in the incubation. 
This initial effect was gone by the end of the study (Fig. 
3), so the early effects of added nitrate were offset by 
processes occurring later in the study. 
The processes that offset the early effects of nitrate 
are evident in Fig. 2, which shows decreases in calculated 
values for net immobilization by decomposers during the 
second half of the incubation in the presence of high levels 
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Table 2. Amounts of NO3-N immobilized per COg-C evolved from 
a Galva soil treated with various amounts of stover 
and labeled nitrate® 
Incubation Stover N immobilized/C evolved 
period added 0 11 22 44 
Days 
0-3 
4-6 
7-11 
12-16 
17-23 
24-30 
31-40 
41-50 
51-65 
66-90 
®0, 11, 22, or 44 mg N applied per kg of soil. 
mg/g soil 
2 0.089 0.120 0.170 0.176 
4 0.066 0.138 0.127 0.146 
8 0.028 0.097 0.105 0.122 
2 0.136 0.139 0.128 0.131 
4 0.123 0.131 0.139 0.145 
8 0.068 0.079 0.088 0.111 
2 0.106 0.127 0.120 0.114 
4 0.105 0.103 0.109 0.111 
8 0.063 0.073 0.074 0.084 
2 0.089 0.109 0.105 0.088 
4 0.084 0.095 0.098 0.101 
8 0.053 0.068 0.066 0.073 
2 0.076 0.088 0.085 0.086 
4 0.070 0.078 0.085 0.083 
8 0.045 0.054 0.057 0.064 
2 0.085 0.079 0.077 0.071 
4 0.079 0.077 0.084 0.079 
8 0.052 0.054 0.056 0.061 
2 0.052 0.058 0.061 0.053 
4 0.059 0.062 0.062 0.057 
8 0.037 0.042 0.047 0.048 
2 0.047 0.052 0.044 0.044 
4 0.062 0.054 0.050 0.046 
8 0.036 0.042 0.042 0.037 
2 0.028 0.019 0.015 0.024 
4 0.047 0.029 0.032 0.034 
8 0.036 0.033 0.032 0.027 
2 0.034 0.024 0.031 0.030 
4 0.032 0.030 0.029 0.028 
8 0.036 0.033 0.028 0.022 
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of added nitrate. It seems unlikely that addition of nitrate 
prompted mineralization of SOM because this mineralization 
would have to be offset by an equal and opposite effect on 
amounts of N remaining in the biomass pool. Otherwise, 
initial nitrate concentrations would have had significant 
effects on the times required for nitrate concentrations to 
return to their initial values (Table 1). This could be 
explained by release of N from undecomposed stover because 
the amounts of N involved were less than the amounts 
contained in the stover. 
The observed effects of initial nitrate concentrations 
could be explained if N in the residue remained relatively 
unavailable to the decomposers until it had been converted to 
ammonium or some other simple compound. This is essentially 
the MIT hypothesis as described by Molina (1990). If the 
availability of N in the residue were limited by one step in 
the degradation process, then the added N would be used 
preferentially by the decomposers early in the degradation 
process. The added N would free the decomposers from rate 
restrictions imposed by release of N from the residue, and 
this acceleration would increase amounts of immobilization of 
added N. Greater immobilization of the added N early in the 
decomposition process would result in more N from the residue 
being released later in the decomposition process. 
The preceding discussion describes turnover by 
23 
sequential immobilization and mineralization rather than by 
simultaneous immobilization and mineralization. Sequential 
processes should result in greater turnover than simultaneous 
processes. Sequential turnover, unlike simultaneous 
turnover, would result in periods of time within which 
priming effects would be observed. The effects of sequential 
reactions were not considered by Jenkinson et al. (1985), and 
their definitions are not applicable to sequential reactions. 
Failure to recognize the potential effects of turnover in 
sequential reactions may be responsible for much of the 
confusion that has occurred with respect to priming effects. 
Considerations of turnover during sequential processes 
alleviates the need to assume that immobilization and 
mineralization proceed at equal rates. This assumption is 
not valid in the present study because additions of N clearly 
increased rates of immobilization early in the decomposition 
process. Moreover, greater initial immobilization of the 
added N decreased the amounts of residue N immobilized later 
in the decomposition process. Although this would be 
expected in sequential reactions, it would be unexplainable 
in simultaneous reactions. 
Turnover is important because it causes the net effects 
of added fertilizer to differ from the effects as indicated 
by the isotopic composition of the nitrate pool. Many 
studies, for example, have reported that the availability of 
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a labeled fertilizer to plants seems different when assessed 
by yield response measurements than when assessed by isotopic 
composition of plants (Bartholomew, 1950; Bartholomew and 
Hiltbolt, 1952; Jansson, 1958, 1971; Tyler and Broadbent, 
1958; Westerman and Kurtz, 1974; Harmsen and Kolenbrander, 
1965; Terman and Brown; 1968; Dowdell and Webster, 1980; 
Jansson and Persson, 1982; Jenkinson et al., 1985; Hart et 
al., 1986; Bock, 1984; Rao et al., 1991). It seems likely 
that many previously reported priming effects could be 
explained by recognizing the importance of and the effects of 
sequential immobilization and mineralization and the effects 
of added N on rates of these processes. 
The effects of initial N availability on the rate and 
apparent efficiency of the decomposition process seems to 
have more practical importance if it is recognized that these 
effects may extend into subsequent growing seasons under 
field conditions. Calculations presented in Table 3, for 
example, show that the times required for decomposition would 
be greatly increased if rates of microbial activity were 
adjusted for temperatures expected in Iowa soils following 
harvest of corn (Equation 4). The time scales would be even 
further extended if rates of decomposition were adjusted for 
periods where lack of soil moisture slowed decomposition. 
The start of the period of net mineralization for the 
treatments having higher initial amounts of available N, for 
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Table 3. Conversion of laboratory time scales to estimated 
time scales under field conditions 
Laboratory 
time scale® 
Field 
time scaleb 
Field 
date° 
Days Days 
0 0 Oct 15 
3 7 Oct 22 
6 14 Oct 29 
11 37 Nov 21 
16 77 Dec 31 
23 116 Mar 11 
30 168 May 2 
40 192 May 26 
50 207 Jun 10 
65 224 Jun 27 
90 248 Jul 21 
®The time scale shown in Fig. 1 and 2. 
^This time scale has been adjusted for the effects of 
soil temperature by using Equation 2. 
"These dates were estimated by using the field time 
scale and assuming that corn residue decomposition started on 
October 15. 
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example, occurred at about 30 d in the laboratory (Fig. 2). 
After adjustment for soil temperature (Equation 4), this 
period would correspond to early May under field conditions 
(Table 3). The treatments having higher initial amounts of 
available N would be mineralizing N in early spring of the 
following growing season. Treatments having lower initial 
amounts of available N would be immobilizing N in early 
spring of the following growing season. These observations 
suggest that the initial effects of nitrate on stover 
decomposition could be a significant factor affecting N 
availability to the next crop. 
The initial effects of N availability on stover 
decomposition deserve attention when soil nitrate 
concentrations are used to assess N fertilizer needs for the 
next crop. Of particular concern is the possibility that, 
especially during the initial stage of stover decomposition, 
soils having similar concentrations of nitrate may differ in 
amounts of undecomposed stover. The importance of this 
effect should decrease with increasing time after harvest and 
be less important when nitrate concentrations in the field 
are measured in late-spring rather than when measured in 
early spring or the fall after harvest. 
The results of this study offer a possible explanation 
for the observation (Blackmer et al., 1988) that excessive 
applications of fertilizer N resulted in relative decreases 
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in concentrations of soil organic matter in long-term 
experiments. These observations seem to conflict with many 
studies showing that N concentrations have no lasting effects 
on amounts of C retained in soil organic matter (Stotzky and 
Norman, 1961; Leuken et al., 1962; Allison, 1973; Alexander, 
1977; Parr and Papendick, 1978; Knapp et al., 1983). 
Although most of the earlier studies show that N availability 
does influence initial rates of decomposition, little 
consideration has been given to the possibility that the 
initial effects of nitrate may often extend into the next 
growing season under field conditions. If the initial 
effects do extend into the next growing season, then the 
long-term effects of a single application of N would be 
irrelevant and soil organic matter concentrations would be 
determined by the summation of initial effects over a period 
of years. 
Overall, the results show that understanding the factors 
affecting turnover of N in soils is requisite to interpreting 
the results of i^N-tracer studies. The amounts of turnover 
that occur are clearly influenced by availability of 
inorganic N and amounts of residue present. The amounts of 
inorganic N available to the decomposers influence the 
initial rates of decomposition and the amounts of turnover 
that occur. Much of the turnover occurs because of 
sequential immobilization and mineralization, which has not 
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been considered in most ^%-tracer studies. Failure to 
recognize the importance of sequential reactions may have 
been responsible for considerable confusion concerning 
priming effects and added N interactions. Carryover of N 
between cropping seasons and changes in soil organic matter 
concentrations might be more predictable if it is recognized 
that priming effects and added N interactions can be caused 
by N availability effects on rates of reactions and apparent 
efficiencies in the initial stages of decomposition of stover 
in soils. 
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PAPER II. TURNOVER AND CARRYOVER OF NITROGEN IN SOILS FROM 
FIELDS HAVING VARIOUS CROPPING HISTORIES 
35 
INTRODUCTION 
It is well established that corn (Zea mays L.) grown in 
rotation with soybean [Glycine max (L.) Merr.] usually yields 
more than corn grown in continuous monoculture if both crops 
are fertilized with adequate N to alleviate deficiencies. 
Quantitative estimates of the yield advantage for corn 
following soybean range from 5 to 15% (Voss and Schrader, 
1982; Griffith et al., 1988; Crookston et al., 1991; Meese et 
al., 1991). Factors attributed to the reduction of yield in 
the monoculture system include allelopathy (Yakle and Cruse, 
1984; Anderson et al., 1988), nutrient concentration and 
accumulation (Copeland and Crookston, 1992) , soil-borne 
bacteria (Turco et al., 1990) or mycorrhizae (Collins-Johnson 
et al., 1992). 
The rates of N fertilization required to attain a given 
yield of corn usually are less for corn after soybean than 
for corn after corn (Anderson et al., 1988). In Iowa an "N 
credit" of 45 kg N/ha is used to reduce N fertilizer 
recommendations for corn after soybean (Peterson and Voss, 
1984). Recent studies by Meese (1993), however, show that 
the differences in fertilizer requirements vary greatly from 
year to year and field to field. In 35 comparisons he found 
differences ranging from -245 to 228 kg N/ha. Furthermore, 
optimal N rates for corn were influenced more by site-related 
factors than by previous crop (Meese, 1993). 
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It is commonly assumed that N credits are necessary 
because soybean crops fix N and leave residual N for 
succeeding crops. However, there is evidence that soybean 
crops effect a net removal of N from soils (Heichel and 
Barnes, 1984; Zapata et al., 1987). Unpublished data of 
Heichel and Henson (see Table 5 in Heichel and Barnes, 1984) 
show that when soybean grain is harvested, a net loss of 84 
kg N/ha results. This observation lead Heichel and Barnes 
(1984) to state that, "The data illustrate a 
misinterpretation of the net N supplying capability of 
soybean grown for grain to a subsequent corn crop". 
These observations evidence the need to acquire a better 
understanding of the reasons that corn after soybean usually 
requires less N than does corn after corn. The objective of 
this study was to evaluate the possibility that differences 
in rates and amounts of immobilization during the 
decomposition of corn and soybean residues could explain 
soybean N credits. 
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MATERIALS AND METHODS 
Soil samples were collected from 5 sites (Tables 1 and 
2) in the fall of 1990 from the surface layer (0 to 3 0 cm) of 
plots in trials evaluating responses of corn after corn and 
corn after soybean to N fertilization. The basic design of 
the field studies included 3 replications and is described by 
Binford et al. (1992). Some of the plots sampled had been 
planted to corn and had received 112 kg N/ha, 224 kg N/ha, or 
336 kg N/ha before planting in the spring of 1990; these are 
denoted as the C-1, C-2, or C-3 plots. Other plots had been 
planted to soybean (S-1 plots); these plots had received no N 
fertilizer in 1990, but they had received 112 kg N/ha in 1989 
when the plots were planted to corn. Separate soil samples 
were collected from each plot of each replication in the 
field studies. Each sample consisted of 30 cores (3.2-cm 
diam) collected at random within each field plot. An 
additional sample was formed by compositing 10 cores taken 
from the appropriate plots in each replication. 
The field-moist soil in each of the 80 samples was 
passed through a 2-mm sieve. A portion (7.5 kg, oven-dry 
basis) was treated with 32.0 g of dried and ground (1-mm) 
crop residue collected from the appropriate field plots. 
Carbon and N data for each residue are presented in Table 3. 
Each sample received 50 mg N/kg as labeled KNO3 having 5 atom 
percent in 15 mL of water. Additional water was then 
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Table 1. Selected properties of soils used in this study 
Site Site no. Series SubarouD DH N 
g/kg 
Kalona 
Holstein 
Kensett 
Nashua 
Badaer 
1 
2 
3 
4 
5 
Bremer 
Gal va 
Crippin 
Readlin 
Canisteo 
Typic Argiaquoll 
Typic Hapludoll 
Aquic Hapludoll 
Aquic Hapludoll 
Tvoic HaiDlaauoll 
6.5 
5.8 
7.9 
5.8 
7.8 
2.0 
2.2 
3.0 
1.6 
3.3 
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Table 2. Concentrations of ammonium and nitrate in the soils 
before addition of stover and labeled nitrate 
Concentration of N in soil 
Crop/fertility 
Site treatment* NHi NOn NJ 
•—mg" N/kg—*• 
1 C-1 2 13 15 
1 C-2 4 13 17 
1 C-3 3 15 18 
1 S-1 2 8 10 
2 C-1 4 7 11 
2 C-2 3 9 12 
2 C-3 6 36 42 
2 S-1 4 7 11 
3 C-1 4 5 9 
3 C-2 4 8 12 
3 C-3 5 11 16 
3 S-1 2 5 7 
4 C-1 2 2 4 
4 C-2 3 2 5 
4 C-3 4 3 7 
4 S-1 3 2 5 
5 C-1 2 7 9 
5 C-2 3 9 12 
5 C-3 2 11 13 
5 S-1 2 9 11 
®C-1= 112 kg N/ha corn plots; C-2= 224 kg N/ha corn 
plots; C-3= 3 36 kg N/ha corn plots; S-l= soybean plots. 
= NH4 + NO3. 
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Table 3. Carbon and N content of the crop residues used in 
this study 
Crop/fertility 
treatment* C N NO] C:N Ratio'' 
mg N/kg 
C-1 42.2 0.5 312 90:1 
C-2 42.2 0.9 1601 57:1 
C-3 41.6 1.1 1705 45:1 
S-1 40.6 1.0 120 41:1 
*C-1= 112 kg N/ha corn plots; C-2= 224 kg N/ha corn 
plots; 0-3= 336 kg N/ha corn plots; S-l= soybean plots. 
bc:N ratio was calculated after NO3-N was subtracted 
from total N. 
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added to each soil to adjust the moisture content of each 
sample to 60% of its maximum water holding capacity. Each 
sample was mixed thoroughly and placed in 19-L plastic 
containers having removable air-tight lids (Phillips 
Container Company, Cleveland, Ohio). The lid of each 
container was fitted with Tygon tubing that allowed sampling 
the atmosphere above the soil. The containers with soil were 
incubated for 42 weeks at 24°C. 
Concentrations of COg in the atmosphere above the soil 
were periodically determined by using gas chromatographic 
techniques described by Blackmer and Bremner (1977). After 
each CO2 determination the containers were opened, the soils 
were poured onto a sheet of plastic, mixed thoroughly, and 
samples (200 g) were removed for determination of nitrate and 
exchangeable ammonium. The soils were then returned to the 
containers. 
Soil samples were analyzed for nitrate and exchangeable 
ammonium by extracting with 2N KCL and using the MgO-
Devarda's alloy method described by Keeney and Nelson (1982). 
Total N was determined by using the permanganate-reduced iron 
modified semimicro-Kjeldahl method to include nitrite and 
nitrate (Bremner and Mulvaney, 1982). Isotope ratio analyses 
of each N fraction were performed by using a Finnigan MAT 250 
mass spectrometer and procedures described by Sanchez and 
Blackmer (1988). 
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Amounts of COg and N mineralized from the soil organic 
matter were estimated by assuming that mineralization of soil 
organic matter was constant throughout the experiment and 
that these amounts could be estimated by measuring rates late 
in the study. Work by Green (1989) suggests this assumption 
is reasonable. Linear regression was used to estimate rates 
of COg mineralization between 42 and 210 days and rates of N 
mineralization between 42 and 294 days. 
Nitrogen immobilization was estimated by using Equation 
1, Ni = Ng + - Np 
where, 
N^ = the amount of N immobilized, 
Ng = the initial amount of inorganic N present, 
N„ = the amount of inorganic N mineralized from the soil 
organic matter, and 
Np = the amount of ammonium and nitrate present. 
Stover-induced COg evolution was estimated by using 
Equation 2, 
Cs = Ct - Cm 
where, 
Cg = the amount of COg evolved from the stover, 
= the amount of COg evolved from the stover and soil 
organic matter, and 
= the amount of COg mineralized from the soil organic 
matter. 
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Amounts of immobilization and stover-induced CO2 
evolution were modeled by using Equation 3, 
Y = A + B*e-CT 
where, 
Y = immobilization or stover-induced CO2 evolution, 
A = asymptotic plateau value of exponential equation, 
B = parameter, 
C = parameter, and 
T = incubation time. 
Equation 3 was fit to the immobilization and stover-
induced COg evolution data by using the NLIN procedure (Ihnen 
and Goodnight, 1985). The asymptotic plateau value obtained 
after fitting the model to the data was taken to be the 
maximum value of immobilization or stover-induced COg 
evolution. Equation 3 was solved for the time required to 
achieve 95% of the maximum immobilization or maximum COg 
evolution by using the appropriate A, B, and C parameters 
generated by the model. This procedure allows relative 
treatment comparisons of the time required to achieve 95% of 
the maximum immobilization or stover-induced COg evolution. 
The effects of temperature on residue decomposition were 
estimated by using Equation 4 (Stroo et al., 1989), 
R = 1. 32 [ (2 (T+A) 2 (T^+A) 2- (T+A) 4] / (T^+A) * 
where, 
R = temperature rate factor, 
T = temperature, 
= optimum temperature (33°C), and 
A = constant (6.1). 
Values for R were calculated for each month by using 
monthly average soil temperatures and Equation 4. The number 
of days in each sampling period was then divided by the 
appropriate R to estimate equivalent time in the field. 
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RESULTS AND DISCUSSION 
Kjeldahl analyses on the soil showed that essentially 
all labeled N was present in the soil at the end of the 
incubation and, therefore, that denitrification was not a 
significant fate of labeled N in this study. Analyses 
throughout the incubation showed that concentrations of 
exchangeable ammonium remained low (See Appendix 1) and were 
relatively unaffected by the nitrate or stover treatments. 
It is reasonable, therefore, to use decreases in 
concentrations of nitrate as indicators of net immobilization 
and increases in concentrations of nitrate as indicators of 
net mineralization. Net, rather than actual, amounts of 
immobilization or mineralization are indicated because some ' 
mineralization may have occurred during periods of net 
immobilization and because some immobilization may have 
occurred during periods of net mineralization. 
Concentrations of nitrate in the soil tended to decrease 
and then increase for all soils and all crop/fertility 
treatments (Fig. 1). The period of net immobilization 
associated with the decreasing concentrations of nitrate must 
be attributed largely to immobilization induced by the added 
residue because such decreases should not be expected unless 
high C:N residues have been added recently to soils (Paper 
I). It should be noted, however, that some immobilization 
may have been induced by undecomposed plant residues present 
160 
140 
120 
100 
80 
60 
40 
20 
0 
160 
140 
120 
100 
80 
60 
40 
20 
0 
160 
140 
120 
100 
80 
60 
40 
20 
0 
160 
140 
120 
100 
80 
60 
40 
20 
0 
1. 
Site 1, C-1 
8 
-S 
Site 2. C-1 
8 9 
Site 3, C-1 
^885 
o 
o 
8 o 
0 0 0 
Site 4. C-1 Site 5, C-1 Average, C-1 
Site 3. C-2 Site 4. C-2 
•o e 
Seooo 
Site 1. C-2 
•ê § 
Site 2, C-2 
§ § 
Site 5. C-2 
8 
o 
Average, C-2 
Site 5. C-3 
o 
o 
° 8 
8 
Site 1, C-3 
8 
.oo 
Si 
Site 2. C-3 
rSite 3, C-3 
0 § ® 
0 
Site 4, C-3 
8 § 
Average, C—3 
S %)0 oO 
Site 1, S-1 Site 2. S-1 
S 
Site 3. S-1 Site 4. S-1 •Site 5. S-1 
^ 8 
Average, S-1 
o o 
%>ooO 
D 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 30C 
Incubation Time (Days) 
Concentrations of nitrate in soil as influenced by field crop/fer 
treatments 
47 
in the soil when samples were collected in the field. The 
period of net mineralization associated with increasing 
concentrations of nitrate must be attributed to 
mineralization of N from soil organic matter, plant residues, 
or microbial biomass. 
Nitrate-N immobilized early in the study was labeled 
(Fig. 2 and 3) because labeled N was added to nitrate pool at 
the start of the study. Isotope ratio analyses revealed, 
however, that most of the N subsequently mineralized was 
nonlabeled (Fig. 2 and 3). The rates of mineralization of 
nonlabeled N exceeded rates of mineralization of labeled N by 
5 to 6 fold (Table 4). This finding indicates that little of 
the N incorporated into the microbial biomass during stover 
decomposition was mineralized to nitrate during the 42-week 
incubation. Similar observations have been made in many 
previous studies (Bartholomew, 1955; Stojanovich and 
Broadbent, 1956; Broadbent and Tyler, 1962; Jansson, 1963; 
Stewart et al., 1963; Broadbent and Nakashima, 1965; Legg et 
al., 1970; Shields et al. 1973; Wickramasinghe et al., 1985; 
Recous et al., 1990). Although little of this N was released 
to the nitrate pool, it is possible that this N was cycled 
within the microbial biomass without mixing with the pool of 
nitrate in the soil solution. For example. Van Veen et al. 
(1984) state that organic materials released from cells 
should be utilized by viable biomass within the micro-
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Table 4. Rate of mineralization of labeled and nonlabeled N 
during the period of 42 to 294 days 
Mineralization rates 
Crop/fertility 
treatment* Hn i- Ratio^ 
mg N/kg/day 
C-1 0.233 0.044 5.3 
C-2 0.218 0.039 5.6 
C-3 0.193 0.028 6.9 
S-1 0.177 0. 034 5.2 
*C-1= 112 kg N/ha corn plots; C-2= 224 kg N/ha corn 
plots; C-3= 336 kg N/ha corn plots; S-l= soybean plots. 
^Mineralization rate of nonlabeled N. 
^Mineralization rate of labeled N. 
dRatio= Nni/Ni. 
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environment of autolyzing cells. 
Immobilization of labeled N and subsequent 
mineralization of nonlabeled N resulted in measurable 
turnover of N within the nitrate pool. Percentage turnover, 
for example, ranged from 50 to 66% when net mineralization 
had returned nitrate concentrations to their initial levels 
(Table 5). There was a significant trend for percentage 
turnover to decrease with increasing rates of N applied to 
the field plots planted to corn. This trend is a logical 
consequence of larger pools of nitrate present at the higher 
rates of N (Table 2). Percentage turnover in soils that had 
been cropped to soybean was not significantly different than 
in soils cropped to corn with the lower rates of 
fertilization (Table 5). 
Data presented in Fig. 1 indicate periods of net 
immobilization and net mineralization in the soil system as a 
whole, but they do not accurately indicate periods of net 
immobilization and net mineralization by the microorganisms 
decomposing the stover. The reason is that considerable 
amounts of nitrate were undoubtedly formed by mineralization 
of soil organic matter. Mineralization of N from soil 
organic matter can be distinguished from activities 
associated with residue decomposition by adjusting for 
controls without added residues. This practice, however, has 
the problem that there may be interactions between added 
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Table 5. Turnover of N within the nitrate pool as affected by 
field crop/fertility treatments 
Crop/fertility 
treatment® Turnover 
C-1 66ab 
C-2 54ab 
C-3 50b 
S-1 64ab 
®C-1= 112 kg N/ha corn plots; C-2= 224 kg N/ha corn 
plots; C-3= 336 kg N/ha corn plots; S-l= soybean plots. 
^Means with the same letters are not significantly 
different as determined by using the ANOVA procedure (P = 
0.05). 
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residue and mineralization of soil organic matter. Such 
interactions have often been called priming effects (See 
Paper I). Another problem is that added nitrate seems to 
have differing effects on mineralization of soil organic 
matter and residue decomposition during the initial stages 
(Green, 1989). Because additions of residue have effects on 
nitrate concentrations, they should have effects on soil 
organic matter mineralization that are indirect and hard to 
predict. 
Data presented in Fig. 4 show an attempt to use steady-
state conditions late in the incubation to distinguish 
activities of decomposers from background mineralization of 
soil organic matter during initial stages of decomposition. 
Relatively constant rates of nitrate production after about 
42 d (Fig. 1) suggest that only small errors would result 
from the assumption that immobilization and mineralization 
had reached steady-state conditions by this time. Net 
amounts of N immobilized by residue decomposers were 
calculated by assuming that microorganisms mineralizing soil 
organic matter produced inorganic N at a constant rate 
throughout the incubation (Equation 1). This assumption can 
be justified because the added stover was particulate and it 
probably had little effect on mineralization of soil organic 
matter in the majority of microsites within soil (See Paper 
I). Moreover, the objectives of this study would not be 
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Figure 4. Amounts of N immobilized as influenced by field crop/fertility treatments 
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compromised if some short-term effects of stover on 
microorganisms decomposing soil organic matter were 
aggregated with activities of the decomposers. 
Net amounts of N immobilized are modeled as a function 
of time by assuming that the rate of immobilization is 
proportional to the net amounts of N yet to be immobilized 
before steady-state conditions are attained. Net amounts of 
immobilization, therefore, asymptotically approach a maximum 
value (parameter A in Equation 3). Evidence that this model 
provides a reasonable description of the observed 
immobilization is provided by high values when the model 
is fit to treatment means (See Appendix 2). Lower values 
must be expected, of course, when the model is used to 
describe mineralization in situations where replicate 
observations show slightly different patterns of 
immobilization with time (See Appendix 2). 
The models shown in Fig. 4 do not indicate a specific 
time at which steady-state conditions are attained, but they 
can be used to determine when amounts of net immobilization 
have reached any given percentage of the maximum amount of 
immobilization that will occur. This feature of the model 
was used to functionally define the "initial stage of 
immobilization" as ending when net immobilization reaches 95% 
of the maximum amount predicted by the model. Such a 
functional definition has practical value because predictions 
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of N fertilizer needs for crops and long-term changes in soil 
organic matter concentrations may depend largely on processes 
occurring in the initial stages of decomposition of plant 
residues (Paper I). The value of 95% was selected as a 
reference point because the shapes of the curves are such 
that this percentage of maximum can be determined with 
relatively small uncertainty with respect to time or amount 
of net immobilization. 
As demonstrated in Table 6, parameters from the models 
in Fig. 4 can be used to summarize and statistically analyze 
the effects of the various crop/fertility treatments on rates 
and amounts of immobilization. It should be noted that the 
effects of crop/fertility treatments applied in the field can 
be compared because this table summarizes observations made 
on separate samples from replicate field plots for each 
treatment at each of 5 sites. 
When treatments with corn residue are compared, net 
amounts of N immobilized during the initial stage of 
decomposition tended to decrease with increasing rates of N 
fertilization on the plots from which the samples were 
collected (Table 6). The amounts of time required for the 
initial stage to be completed also tended to decrease with 
increases in rates of fertilization. In view of the amounts 
of C mineralized at the same time (discussed elsewhere in 
this chapter), the best explanation for these trends is that 
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Table 6. Effects of field crop/fertility treatments on 
maximum immobilization and stover-induced CO2 
evolution 
Crop/fertility 
treatment* ÇQgf 
mg N/kg Days mg C/kg Days 
C-1 54af 38a 450a 43a 
C-2 46b 37ab 404b 39ab 
C-3 41b 29b 409b 38b 
S-1 42b 18c 404b 36b 
*C-1= 112 kg N/ha corn plots; C-2= 224 kg N/ha corn 
plots; C-3= 33 6 kg N/ha corn plots; S-l= soybean plots. 
^Nj^=maximum immobilization. 
°T«i=time required to achieve 95% of the maximum 
immobilization. 
^C02=maximum stover-induced CO2 evolution. 
®TQ=time required to achieve 95% of the maximum stover-
induced CO2 evolution. 
^Means in each column with the same letters are not 
significantly different as determined by using the ANOVA 
procedure (P = 0.05). 
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rates of fertilization influenced rates of residue 
decomposition in the field before the samples were collected. 
As a result of these effects, soil samples collected from 
plots receiving lower rates of fertilizer N contained more 
undecomposed plant residue than did the samples collected 
from plots receiving higher rates of N. This explanation is 
supported by data presented in Paper I of this dissertation. 
The net amounts of N immobilized during early stages of 
decomposition of the soybean residue were not significantly 
different than amounts of N immobilized during the 
decomposition of corn residues on soils from plots receiving 
the higher rates of N (Table 6). Substantially less time was 
required, however, for this immobilization to occur. In view 
of amounts and rates of C mineralization, this difference is 
best explained by differences in the nature of the plant 
materials and(or) by differences in microbial populations 
that decompose these residues. 
The amounts of COg evolved from soils having various 
crop/fertility treatments are shown in Fig. 5. 
Mineralization of C during the initial stages of 
decomposition is shown in Fig. 6, which is based on 
assumptions that are parallel to those used to derive Fig. 4. 
It should be noted, however, that the initial stage of 
decomposition as defined by net mineralization of C does not 
necessarily end at the same time as the initial stage of 
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Figure 6. Amounts of stover-induced CO2 evolution as influenced by field 
crop/fertility treatments 
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decomposition as defined by net immobilization of N (Table 
6 )  .  
Data presented in Table 6 reveal that net amounts of C 
mineralized during the initial stages of soybean residue 
decomposition were similar to those observed during the 
initial stage of corn residue decomposition in soils from 
plots receiving the higher rates of N fertilization. Greater 
amounts of C were mineralized during decomposition of corn 
residues in soils from plots receiving the lowest rate of N 
fertilization. This difference can be explained by the 
presence of greater amounts of undecomposed residue in the N-
deficient soils under corn at the time the samples were 
collected. 
The time required for mineralization of C to reach 95% 
of maximum for soybean residues was not different than that 
required for corn residues on plots having the higher rates 
of N fertilization. This similarity is consistent with the 
similarity in amounts of C mineralized. This similarity 
would not be predicted, however, by considering the time 
required for immobilization because 95% of the maximum net 
immobilization occurred much more rapidly with the soybean 
residue than with the corn residue. Comparisons of data 
presented reveal that soils with the soybean residue evolved 
CO2 during a substantial period in which little N was 
immobilized or mineralized. 
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Soils having corn residues with the highest rate of N 
fertilization also showed a substantial period of C 
mineralization with little or no net immobilization or 
mineralization of N. Such a period may have occurred in 
soils having the lower rates of fertilization, but they were 
much shorter than at the highest rate of fertilization. 
The period of net mineralization of C without net 
immobilization of N results in a narrowing of the C:N ratio 
of the pool including both the decomposer biomass and the 
stover (Fig. 7). The effects of N rates on corn residue 
decomposition could be explained if, as suggested in Paper I, 
the added N freed the decomposers from rate restrictions 
imposed by release of N from the residue, and this 
acceleration increased amounts of immobilization of added N. 
The narrowing of the C;N ratio would occur even if greater 
immobilization of the added N early in the decomposition 
process resulted in more N from the residue being released 
later in the decomposition process. A period of COg 
evolution without net immobilization or mineralization of N 
could occur as N originally in the residue became available 
to the decomposers. 
The finding that rates of mineralization of nonlabeled N 
from soils from soybean plots were not greater than those on 
soils from corn plots (Table 4) seems at odds with the 
commonly held assumption that soybean crops leave significant 
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Figure 7. C:N ratio calculated for a pool including both the 
decomposer biomass and the stover during the 
decomposition of corn and soybean stover in soil 
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amounts of biologically fixed N for the crops that follow. 
Extra N clearly was not mineralized by decaying root systems 
or nodules in the soil samples collected. Furthermore, N was 
not supplied during decomposition because decomposition of 
above-ground residues induced immobilization of similar 
amounts of N when corn or soybean residues were added in 
equal quantities. 
The idea that soybean crops leave biologically fixed N 
for corn crops that follow is reinforced by reports that corn 
grown after soybean requires significantly less fertilizer N 
than does corn grown after corn (Anderson et al., 1988). 
Results presented in this study, however, suggest that 
differences in N fertilizer requirements should be explained 
in terms of differences in amounts of N immobilized during 
the initial stages of decomposition of plant residues. Part 
of this difference occurs because soybean plants usually 
produce less above-ground residue than do corn plants and, 
therefore, less N is immobilized during the decomposition of 
soybean residues. Using the amounts of immobilization 
calculated from Table 6 (10 kg N/Mg stover), a difference of 
3.7 Mg/ha of above-ground biomass (8.2 Mg/ha for corn - 4.5 
Mg/ha for soybean) would cause the amounts of N immobilized 
to decrease by 37 kg N/ha. This is very similar to the N 
credits often given for corn after soybean. Estimates of 
above-ground biomass used in this example were obtained by 
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using mean yields of corn and soybean grain for Iowa and 
harvest indexes of 0.5 for corn and 0.33 for soybean. 
The possibility that N credits can be explained in terms 
of differences in amounts of N immobilized during the initial 
phases of decomposition of plant residues seems to conflict 
with the conclusion of Crookston and Kurle (1989). Those 
authors concluded that the yield advantage of rotations was 
not due to the effects of decomposing above-ground residue. 
However, N was applied (190 to 224 kg N/ha) in all their 
treatments. In the presence of high amounts of N, 
decomposition of crop residues will proceed quickly (See 
Paper I); therefore, differences in amounts of N immobilized 
during the initial stages of decomposition of plant residues 
would not be evident in their study. 
Part of the difference in fertilizer requirements could 
be explained by considering the time at which immobilization 
occurs. Data presented in Table 6 suggest that soybean-
induced immobilization should occur much more rapidly than 
corn-induced immobilization. This difference could be 
important because the microorganisms decomposing the soybeans 
would tend to immobilize N that could be otherwise lost 
between cropping seasons. This difference could be large if, 
as in the Corn Belt, soybean tends to die earlier than corn 
and, therefore, allow more time for microbial decomposition 
of residues before low temperatures inhibit microbial 
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activity in the winter. 
Calculations presented in Table 7 estimate the extent to 
which times of incubation in this study would be increased if 
rates of microbial activity were adjusted for temperature 
patterns generally found in Iowa soils (Equation 4). The 
times of incubation would have been further increased if 
times were adjusted for periods in which microbial activity 
is limited by lack of moisture. Especially when normal 
differences in time of harvest are considered, it is clear 
that the percentage of the soybean-induced immobilization 
occurring before winter should greatly exceed the percentage 
of the corn-induced immobilization occurring before winter. 
This difference could have substantial effects on fertilizer 
requirements for the next crop if it is recognized that 
nitrate tends to be lost from soils between cropping seasons; 
immobilization of N in the fall ties up N that would be lost 
between seasons and reduces fertilizer requirement for the 
next crop, but immobilization of N early in the next growing 
season increases the fertilizer requirement for the next 
crop. Variations in percentages of immobilization of N 
occurring before winter and in losses of nitrate between 
seasons could help explain the extreme variability in the 
amounts by which fertilizer requirements differ for corn 
after corn and corn after soybean reported by Meese (1993). 
An important implication relevant to soil testing is 
Table 7. Conversion of laboratory time scales to estimated 
time scales under field conditions 
Lab Days Soybean Date^ Corn Date^ 
0 Sep 15 Oct 15 
7 Sep 24 Nov 1 
14 Oct 3 Dec 14 
21 Oct 20 Feb 22 
28 Nov 14 Apr 22 
42 Mar 19 May 31 
70 Jun 12 Jul 3 
98 Jul 12 Jul 28 
126 Aug 6 Aug 20 
210 May 2 Apr 24 
294 Aua 12 Aua 10 
^Soybean stover decomposition begins on September 15. 
^Corn stover decomposition begins on October 15. 
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that nitrogen fertilizer requirement is determined by 
differences in undecomposed residue as well as differences in 
amounts of N present during the initial stages of residue 
decomposition. During the initial stages the amounts of 
decomposed residue may obscure relationships between 
concentrations of inorganic N and availability of N to crops. 
This could help explain why soil samples collected in late 
spring are more reliable for assessing the fertilizer 
requirements for corn than are samples collected in early 
spring or the preceding fall. 
Overall, the results of this study support evidence in 
Paper I indicating that N availability influences initial 
rates of residue decomposition and that initial stages of 
residue decomposition often extend into the growing season of 
the next crop. The results also demonstrate that variability 
in N fertilizer requirements for corn could be explained in 
part by varying amounts of carryover of undecomposed residue. 
The amounts of N applied early in the season for corn 
influenced the rate of decomposition of corn stover at the 
end of the season and, therefore, the amounts of undecomposed 
residue carried over to the next season, and the amounts of 
the next season's fertilizer N immobilized during the 
decomposition process. 
The results provide no evidence to support the notion 
that N credits for corn after soybean should be attributed to 
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N mineralized from above-ground or below-ground residues from 
the soybean crop. When equal amounts of above-ground 
residues were added, corn and soybean residues prompted 
similar amounts of immobilization. Because soybean crops 
generate less residue, however, they should immobilize less N 
and thereby reduce the N fertilizer requirements for the next 
crop. Because decomposing soybean residues immobilized N 
more rapidly than corn residues, they are more likely to 
immobilize available N before it can be lost between cropping 
seasons. This immobilization should also influence N 
fertilizer requirements of corn in the next season, but the 
amount of influence should be expected to vary greatly with 
weather conditions that determine rates of decomposition and 
amounts of N lost between seasons. 
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PAPER III. RELEASE OF FIXED AMMONIUM DURING NITRIFICATION AS 
A SOURCE OF TURNOVER OF N IN SOILS 
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INTRODUCTION 
Ammonium (NH^'*') in soil is classified as exchangeable if 
it is displaced by neutral K solutions and fixed (or 
nonexchangeable) if it is not displaced by such solutions. 
Although it has long been recognized that NH** can move 
between sites where it is exchangeable and sites where it is 
fixed, fixation and release of NH4+ have not been considered 
important processes influencing the availability of N to 
plants and microorganisms in most agricultural soils (Allison 
et al., 1951, 1953; Axley and Legg, 1960; Walsh and Murdock, 
1963; Lutz, 1966). Mounting evidence, however, suggests that 
fixation and release of fertilizer is important in many 
agricultural soils (Sowden, 1976; Kowalenko and Cameron, 
1976; Kowalenko, 1978; Kowalenko and Ross, 1980; Mengel and 
Scherer, 1981; Preston, 1982; Wickramasinghe et al., 1985; 
Baethgen and Alley, 1987; Norman and Gilmour, 1987; Thompson 
et al., 1988; Li et al., 1990; Drury et al., 1991). 
Numerous studies using l^N-labeled indicate that 
the release of recently fixed NH4+ is much slower than 
fixation. Kowalenko (1978) found, for example, that about 
two-thirds of the NH^* fixed in 1.7 d was released in 86 d. 
Juma and Paul (1983) reported that release of NH^* that was 
fixed within a week could be described as a first-order 
reaction in which the fixed NH4+ had a half-life of 35 to 42 
weeks. Data presented by Drury and Beauchamp (1991) showed 
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that only about 10% of the NH4+ fixed in 30 d was released in 
the next 30 d. 
Evidence for rapid release of fixed NH** was reported by 
Pasricha (1976), who observed release of fixed NH4+ when 
paddy soils were equilibrated with CaCl2 solutions for only 
0.5 h. Thompson and Blackmer (1992) did not find a 
comparable release in soils from cornfields and concluded 
that the difference may be explained in part by differences 
in concentrations of exchangeable in the soils. They 
reasoned that nitrification was inhibited by lack of oxygen 
in the paddy soils, so these soils had elevated 
concentrations of fixed associated with high 
concentration of exchangeable NH4+. The rapid release of 
fixed NH4+, therefore, was viewed as an equilibration of 
fixed NH4+ with lower concentrations of exchangeable NH4+. 
If this reasoning is essentially correct, then rapid release 
of fixed NH4+ should often accompany nitrification in soils. 
Although studies (Black and Waring, 1972; Kowalenko and 
Ross, 1980) clearly indicate that rates of release of 
tend to decrease with time, evidence for rapid release of 
fixed NH4* during nitrification seems to be limited. Indeed, 
laboratory studies by Drury et al. (1989) seem to indicate 
relatively slow decreases in concentrations of fixed NH4+ 
during nitrification. These studies, however, did not 
present direct relationships between nitrification and 
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release of fixed NH**. The objective of this study was to 
evaluate the possibility that release of recently fixed NH4+ 
accompanying rapid nitrification of exchangeable NH** is a 
source of N turnover in soils. 
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MATERIALS AND METHODS 
Bulk samples (about 2 kg) of surface soil (0 to 30 cm) 
were collected from 4 sites used for intensive row crop 
production. The field-moist soils were passed through a 2-mm 
sieve. Selected properties of these soils are shown in Table 
1. Particle size was determined by the pipette method (Day, 
1965), and pH was determined in water (2:1 soil;water ratio). 
The maximum water holding capacity of each sieved soil was 
determined by saturating 25-g samples and letting them drain 
for 6 hours. Exchangeable K was determined using the 
ammonium acetate method (Thomas, 1982). 
Thirty samples (10 g) of each soil were placed in 237-mL 
French Square bottles and treated with 0, 100, or 200 mg N/kg 
as labeled urea having 5 atom percent Each treatment 
was applied in enough water to bring the soil moisture 
content to 60% of its water holding capacity. The bottles 
were sealed with one-hole stoppers having glass stopcocks. 
The atmosphere in each bottle was evacuated and replaced with 
helium. All bottles were placed in an incubator at 24°C. 
Triplicate sets of bottles were removed for soil analysis at 
0, 5, 10, 15, and 20 d of incubation. At 20 d, the helium 
in all remaining bottles was evacuated and replaced by air 
(to promote nitrification of exchangeable NH**). Triplicate 
sets of bottles were removed for soil analysis at 25, 30, 35, 
40, and 50 d. 
Table 1. Selected properties of the soils used in this study 
Total Fixed Exch. Exch. 
soil SubCTroutJ PH N NH/ Noy- K Clav 
mg/kg-
Webster Typic Haplaquoll 6.4 2542 132 2 19 180 29 
Nicollet Aquic Hapludoll 5.6 2763 126 2 50 524 25 
Bremer Typic Argiaquoll 6.1 1894 133 2 29 312 27 
Canisteo Tvoic Haulaouoll 7.6 2448 103 2 16 211 28 
-J 
00 
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After incubation the soils were extracted with 50 mL of 
2M KCl, and the extract was analyzed for exchangeable NH4+ 
and nitrate (NO3") by steam distillation with MgO-Devarda's 
alloy as described by Keeney and Nelson (1982). After this 
extraction the soil residue was dried, ground, and analyzed 
for fixed NH** as described by Silva and Bremner (1966). 
This residue was also analyzed for Kjeldahl N by using the 
permanganate-reduced iron modified semimicro-Kjeldahl method 
to include nitrite (NO2") and NO3" (Bremner and Mulvaney, 
1982) . Isotope-ratio analyses were performed on each N 
fraction by using a Finnigan MAT 250 mass spectrometer and 
procedures described by Sanchez and Blackmer (1988). Labeled 
N as organic matter was determined by subtracting amounts of 
labeled N as fixed NH4+ from amounts of labeled Kjeldahl N. 
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RESULTS AND DISCUSSION 
Labeled N was added as urea to avoid possible anion 
effects and to provide more even distributions of within 
each sample. Unlike ions, urea molecules should 
disperse with mass flow of the water in which the urea was 
^dded. The 20-d period of anaerobic incubation was included 
to inhibit nitrification and thereby provide adequate time 
for urea hydrolysis and NH4+ fixation to occur. The 
Nicollet, Bremer, and Canisteo soils had substantial (more 
than 25 mg N/kg) amounts of nonlabeled NO3" at d 20, so 
intensive reducing conditions could not have developed during 
the anaerobic incubation of these soils. 
Percentage recovery of the labeled N as fixed NH** at 20 
d averaged 1% in the Nicollet soil, 3% in the Bremer soil, 9% 
in the Webster soil, and 20% in the Canisteo soil (Table 2). 
The reasons for the differences among soils are not important 
to the objectives of this study and were not determined. It 
is noteworthy, however, that the 2 soils showing the least 
fixation had the highest concentrations of exchangeable K 
(Table 1). Previous studies have shown that the presence of 
exchangeable K tends to inhibit fixation of NH4+ added to 
soils (Allison et al., 1953; Beauchamp, 1982; Nommik and 
Vahtras, 1982). 
The amounts of labeled N recovered as fixed NH^"*" tended 
to increase with amounts of N added (Table 2). Similar 
Table 2. Recovery of labeled N as fixed after various 
times of incubation* 
Labeled N as fixed 
N 
Soil applied Day 5 Day 20 Dav 50 
mg/kg mg N/kg 
Webster 100 8.9(+) 9.9(+) 4.5(-
200 14.4(+) 16.2 8.5(-
Nicollet 100 0.4(+) 0.9(+) 0.3(-
200 1.1(+) 1.4(+) 0.9(-
Bremer 100 2.3(+) 2.5(+) 1.7(-
200 4.5(+) 5.1 4.0(-
Canisteo 100 22.9(+) 23.5 8.3(-
200 33.7(+) 34.9 10.4(-
®The symbols in parentheses indicate statistically 
significant (0.05 probability) changes in concentrations 
during incubation (day 0 versus day 5, day 5 versus day 20, 
day 20 versus day 50). 
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trends have been reported by others (Nommik and Vahtras, 
1982; Drury and Beauchamp, 1991; Thompson and Blackmer, 
1993). Such trends indicate a tendency for concentrations of 
exchangeable NH** to equilibrate with concentrations of fixed 
Evidence that an equilibrium was essentially attained 
is indicated by the finding that most of the fixation 
occurring in 20 d occurred in the first 5 d. 
Concentrations of labeled fixed NH** significantly 
decreased in all soils between 20 and 50 d (Table 2). 
Relatively rapid decreases occurred between 20 and 30 d (Fig. 
1) during a period of rapid nitrification following the 
introduction of air at 20 d. Averaged across all soils, 49% 
of the labeled N as fixed at 20 d was released by 35 d. 
These observations indicate relatively rapid release of fixed 
NH4+ during nitrification. 
Insufficient information is available to determine the 
reason for comparatively slow release of labeled fixed NH** 
after 35 d. One possible explanation is that rates of 
release are proportional to the extent to which 
concentrations differ from those at equilibrium. This would 
explain why rates of fixation were greater than rates of 
release, but it probably cannot explain extremely slow rates 
of release near the end of the study. 
The very slow release of labeled fixed late in the 
study would be expected if fixed labeled exchanged with 
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Figure 1. Distribution of labeled N among 4 fractions of 
soil N at various times 
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fixed nonlabeled NH4+ during the 20-d anaerobic incubation. 
Such an exchange would cause release of nonlabeled NH4+ in 
response to decreases in concentrations of exchangeable NH**. 
If this occurred, then considerable time would be required 
for isotopic equilibrium to be established amid low 
concentrations of exchangeable NH**. Isotopic analyses of 
the fixed NH4+ would reveal the presence of labeled NH** long 
after the concentrations of fixed NH4+ had equilibrated with 
concentrations of exchangeable NH4+. Although it is clear 
that nonlabeled fixed NH4+ was released during nitrification 
in this study, fixation of biologically formed nonlabeled 
NH4+ during the anaerobic incubation makes it impossible to 
make reasonable inferences concerning the amounts of exchange 
that occurred between labeled and nonlabeled fixed NH** in 
this study. 
The observed fixation and release of labeled NH** seems 
to have little practical importance in the Nicollet and 
Bremer soils, but it could be important in the Webster and 
Canisteo soils. In the Canisteo soil treated with 200 mg 
N/kg, for example, nitrification of 124 mg N/kg of labeled 
exchangeable NH** (present at d 20) seemed to produce 156 mg 
N/kg of labeled NOg'-N (169 mg N/kg present at d 50 minus 13 
mg N/kg present at d 20). If it were assumed that release of 
fixed NH** did not occur, then it would seem most likely that 
the "extra" labeled NO3" was produced by mineralization of 
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microbial biomass formed after the labeled N was added. It 
is widely accepted that such effects should be expected 
during biological mineralization-immobilization turnover N of 
in soils (Jansson and Persson, 1982). 
Analyses presented in Table 3 show that the amounts of 
labeled N in the organic fraction (including microbial 
biomass) tended to increase throughout the 50-d incubation. 
Although changes in biomass were not monitored, the onset of 
nitrification did not cause a decrease in amounts of labeled 
N in the organic fraction. Lack of rapid release from the 
biomass is consistent with observations of Preston (1982) and 
Wickramasinghe et al. (1985) who found that organic N is 
released much more slowly than is recently fixed NH^*. Even 
if some recently formed biomass was mineralized, failure to 
consider fixation and release of NH** in our study would have 
resulted in overestimates in the amounts of turnover of N in 
the organic fraction. 
Overall, the results of this study show that significant 
amounts of fixed NH** often can be expected in soils having 
high concentrations of exchangeable NH^*. Much of this N 
would be released during nitrification and would be available 
for plant and microorganisms under conditions commonly found 
in agricultural soils. Failure to consider the occurrence of 
rapid fixation and release of in recently fertilized 
soils can result in underestimates of the amounts of N 
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Table 3. Recovery of labeled N as organic matter after 
various times of incubation* 
Labeled N as organic matter 
N 
Soil aoDlied Dav 5 Dav 20 Dav 50 
mg/kg 
Webster 100 6.7(+) 8.6(+) 14.2 
200 9.0(+) 15.0(+) 14.5 
Nicollet 100 5.6(+) 7.9(+) 10.3 
200 6.3(+) 10.0(+) 15.0 
Bremer 100 7.1(+) 9.4(+) 12.8(+) 
200 8.6(+) 12.5(+) 17.8(+) 
Canisteo 100 9.3(+) 10.0 13.6 
200 12.7(+) 15.9 17.0 
®The symbols in parentheses indicate statistically 
significant (0.05 probability) changes in concentrations 
during incubation (day 0 versus day 5, day 5 versus day 20, 
day 20 versus day 50). 
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available to plants and microorganisms and in overestimates 
of mineralization-immobilization turnover of N in soils. 
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GENERAL SUMMARY 
The studies reported in this dissertation were designed 
to provide useful information regarding factors affecting 
turnover of N in soils. Laboratory studies were conducted to 
determine the influence of N availability, stover addition, 
crop/fertility treatments, and fixation and release of 
ammonium on MIT. The objectives of the work reported here 
were to (i) assess the effects of N availability and stover 
addition on MIT during the decomposition of corn residues in 
soil, (ii) study the effects of crop/fertility treatments on 
MIT and determine if differences in rates and amounts 
immobilization during the decomposition of corn and soybean 
residues could explain soybean N credits, and (iii) assess 
the effects of fixation and release of ammonium as a source 
of turnover of N in soils. 
The results of Paper I showed that immobilization of 
labeled N followed by mineralization of nonlabeled N resulted 
in measurable turnover of N within the nitrate pool. When 
mineralization had returned nitrate concentrations to their 
initial values, the isotopic composition of the nitrate pool 
showed 23 to 94% turnover of N in this pool. Within nitrate 
treatments, additions of stover tended to increase percentage 
turnover. Within stover treatments, increases in nitrate 
concentration tended to decrease percentage turnover. Much 
of the turnover occurred because of sequential immobilization 
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and mineralization, which has not been considered in most 
i^N-tracer studies. Failure to recognize the importance of 
sequential reactions may have been responsible for 
considerable confusion concerning priming effects and added 
nitrogen interactions. 
Nitrogen availability influenced initial rates of 
residue decomposition and these initial stages of residue 
decomposition can extend into the next growing season. 
Carryover of N between cropping seasons and changes in soil 
organic matter concentrations might be more predictable if 
the effects of N availability on rates of reactions and 
apparent efficiencies in the initial stages of decomposition 
of stover in soils are recognized. 
The results of Paper II support evidence in Paper I 
indicating that N availability influences initial rates of 
residue decomposition and that initial stages of residue 
decomposition often extend into the growing season of the 
next crop. The amounts of N applied early in the season for 
corn influenced the rate of decomposition of corn stover at 
the end of the season and, therefore, the amounts of 
undecomposed residue carried over to the next season. The 
results also demonstrate that variability in N fertilizer 
requirements for corn could be explained in part by varying 
amounts of carryover of undecomposed residue. 
The results provide no evidence to support the notion 
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that N credits for corn after soybean should be attributed to 
N mineralized from above-ground or below-ground residues from 
the soybean crop. When equal amounts of above-ground 
residues were added, corn and soybean residues prompted 
similar amounts of immobilization. Because soybean crops 
generate less residue, however, they should immobilize less N 
and thereby reduce the N fertilizer requirements for the next 
crop. 
The results of Paper III showed that labeled ammonium 
was fixed and released relatively rapidly. Concentrations of 
labeled N as organic matter did not decrease during the 
period of rapid release of fixed NH**. Failure to consider 
rapid fixation and release of NH4+ in recently fertilized 
soils would have resulted in underestimates of the amounts of 
N available to plants and microorganisms and in overestimates 
of mineralization-immobilization turnover of N in recently 
fertilized soils. 
Overall, the results of this dissertation show that N 
availability influenced initial rates of residue 
decomposition and these initial stages of residue 
decomposition can extend into the next growing season. The 
initial effects of nitrate on stover decomposition could be a 
significant factor affecting N availability to the next crop. 
Recognition of the importance of sequential reactions may 
explain some of the confusion in interpretations of 
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tracer studies. Fixation and release of ammonium in a source 
of turnover of N in soils. 
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Table 1. Concentrations of nitrate for site 1 
NO3-N in soil 
Incubation 
period S-1* C-l^ c-2° C-S^ 
Days mg N/kg soil 
0 59 61 63 69 
7 28 39 45 54 
14 21 29 37 44 
21 18 24 32 42 
28 20 23 32 42 
42 25 25 32 43 
70 34 31 38 50 
98 42 40 46 58 
126 43 48 51 63 
210 69 69 68 82 
294 81 89 83 101 
*S-1 = soybean plots 
^C-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
^C-3 = 33 6 kg N/ha corn plots 
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Table 2. Concentrations of nitrate for site 2 
NO3-N in soil 
Incubation 
period S-1* C-l^ c-2° C-S^ 
Days mg N/kg soil 
0 52 55 61 94 
7 21 29 41 83 
14 17 24 36 80 
21 14 20 33 78 
28 15 19 36 77 
42 18 21 36 82 
70 23 24 38 90 
98 31 31 46 96 
126 37 37 51 101 
210 56 53 66 118 
294 67 63 75 121 
*S-l = soybean plots 
^C-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
^C-3 = 336 kg N/ha corn plots 
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Table 3. Concentrations of nitrate for site 3 
Incubation 
period S-1® 
NOy-N in 
C-lb 
soil 
C-2° C-3d 
Days 
0 54 54 63 69 
7 29 30 43 45 
14 23 19 32 34 
21 21 14 26 29 
28 20 13 25 29 
42 20 12 25 28 
70 24 16 31 35 
98 27 21 37 40 
126 32 26 44 45 
210 47 54 68 69 
294 58 84 97 87 
°S-1 = soybean plots 
^c-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
dc-3 = 336 kg N/ha corn plots 
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Table 4. Concentrations of nitrate for site 4 
Incubation 
period S-1* 
NO]-N in 
C-lb 
soil 
C-2° C-3^ 
Days 
0 54 51 57 61 
7 33 31 37 37 
14 25 20 27 30 
21 25 19 25 30 
28 26 17 24 30 
42 28 18 25 30 
70 35 23 29 34 
98 41 30 34 38 
126 47 36 38 42 
210 62 51 53 56 
294 67 61 61 66 
*S-1 = soybean plots 
^C-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
^C-3 = 336 kg N/ha corn plots 
102 
Table 5. Concentrations of nitrate for site 5 
NO3-N in soil 
Incubation 
period S-l* C-l^ c-2° C-S* 
Days mg N/kg soil 
0 58 55 63 62 
7 30 31 43 42 
14 23 19 33 32 
21 19 16 28 26 
28 20 15 26 24 
42 23 16 28 26 
70 29 18 32 31 
98 36 25 39 36 
126 43 35 49 42 
210 72 83 102 74 
294 94 127 131 105 
*S-1 = soybean plots 
^c-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
dc-3 = 336 kg N/ha corn plots 
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Table 6. Concentrations of labeled nitrate for site 1 
Fertilizer-derived NO3-N in soil 
Incubation 
period S-1* C-l^ c-2° C-3^ 
Days mg N/kg soil 
0 56 49 47 50 
7 23 27 31 36 
14 14 22 25 29 
21 11 16 21 25 
28 11 14 19 23 
42 12 13 19 22 
70 13 14 18 22 
98 17 18 22 25 
126 17 19 23 27 
210 22 22 24 27 
294 25 25 27 31 
*S-1 = soybean plots 
^C-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
*^C-3 = 336 kg N/ha corn plots 
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Table 7. Concentrations of labeled nitrate for site 2 
Fertilizer-derived NO3-N in soil 
Incubation 
period S-1* 0-1^ c-2° C-S^ 
Days mg N/kg soil 
0 47 49 50 53 
7 17 24 32 45 
14 11 18 24 42 
21 9 15 23 41 
28 9 13 25 38 
42 11 13 21 38 
70 9 7 20 37 
98 6 14 24 40 
126 14 15 25 39 
210 15 17 25 41 
294 16 18 26 40 
*S-1 = soybean plots 
^c-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
dc-3 = 336 kg N/ha corn plots 
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Table 8. Concentrations of labeled nitrate for site 3 
Fertilizer-derived NOy-N in soil 
Incubation 
period S-1* C-l^ c-2° C-3^ 
Days mg N/kg soil 
0 51 53 53 56 
7 24 26 34 33 
14 16 16 23 22 
21 14 9 17 16 
28 14 8 16 17 
42 13 7 15 16 
70 11 7 15 13 
98 14 9 18 19 
126 13 9 18 17 
210 16 14 21 21 
294 16 18 25 22 
®S-1 = soybean plots 
^C-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
*^0-3 = 336 kg N/ha corn plots 
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Table 9. Concentrations of labeled nitrate for site 4 
Fertilizer-derived NO3-N in soil 
Incubation 
period S-1* C-l^ c-2° 0-3^ 
Days mg N/kg soil 
0 51 49 50 52 
7 29 28 31 29 
14 20 16 21 21 
21 18 13 17 20 
28 18 12 17 20 
42 18 9 16 20 
70 17 11 15 18 
98 21 14 18 22 
126 22 16 17 20 
210 26 19 22 21 
294 27 20 23 29 
*S-1 = soybean plots 
^C-1 = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
dc-3 = 336 kg N/ha corn plots 
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Table 10. Concentrations of labeled nitrate for site 5 
Fertilizer-derived NOj-N in soil 
Incubation 
period S-1* C-l^ c-2® C-S* 
Days mg N/kg soil 
0 53 53 52 52 
7 24 26 32 32 
14 15 14 23 20 
21 12 11 19 17 
28 12 10 18 16 
42 12 9 17 15 
70 12 7 15 14 
98 15 10 19 16 
126 16 11 19 17 
210 20 17 25 19 
294 21 20 20 24 
®S-1 = soybean plots 
^c-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
^C-3 = 336 kg N/ha corn plots 
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Table 11. Concentrations of nonlabeled nitrate for site 1 
Nonlabeled NO3-N in soil 
Incubation 
period S-1* C-l^ c-2° C-3^ 
Days mg N/kg soil 
0 5 12 15 20 
7 6 12 13 18 
14 7 8 12 15 
21 8 8 11 17 
28 9 9 12 19 
42 12 12 16 20 
70 21 17 20 28 
98 25 23 23 34 
126 26 29 28 36 
210 46 47 44 55 
294 61 64 57 70 
*8-1 = soybean plots 
^C-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
dc-3 = 336 kg N/ha corn plots 
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Table 12. Concentrations of nonlabeled nitrate for site 2 
Incubation 
period 
Nonlabeled NOn-N in soil 
S-1* C-lb C-2° C-3d 
Days SOXJ. 
0 5 4 10 41 
7 4 5 9 38 
14 6 6 11 39 
21 5 5 11 38 
28 6 6 10 39 
42 9 8 15 44 
70 14 16 18 52 
98 22 17 22 56 
126 24 21 25 62 
210 41 36 41 77 
294 51 44 50 81 
*S-1 = soybean plots 
^C-1 = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
^C-3 = 336 kg N/ha corn plots 
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Table 13. Concentrations of nonlabeled nitrate for site 3 
Nonlabeled NO3-N in soil 
Incubation 
period S-l* 0-1% c-2° 0-3^ 
Days — mg N/kg soil 
0 3 1 10 13 
7 5 4 9 12 
14 7 4 10 12 
21 7 5 9 13 
28 6 4 9 11 
42 7 5 10 12 
70 13 10 16 22 
98 13 12 19 21 
126 19 17 27 28 
210 31 40 47 48 
294 46 65 71 65 
*S-1 = soybean plots 
^C-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
^C-3 = 336 kg N/ha corn plots 
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Table 14. Concentrations of nonlabeled nitrate for site 4 
Nonlabeled NO3-N in soil 
Incubation 
period S-1® 0-1^ c-2° 0-3^ 
Days mg N/kg soil 
0 3 1 7 9 
7 4 3 6 8 
14 5 5 6 9 
21 7 6 9 10 
28 8 6 7 10 
42 10 9 9 11 
70 18 12 13 16 
98 20 16 16 17 
126 25 20 21 21 
210 36 32 31 36 
294 40 42 38 37 
^S-1 = soybean plots 
bc-i = 112 kg N/ha corn plots 
°C-2 - 224 kg N/ha corn plots 
^C-3 = 33 6 kg N/ha corn plots 
112 
Table 15. Concentrations of nonlabeled nitrate for site 5 
Nonlabeled NO3-N in soil 
Incubation 
period S-1* C-l^ c-2° 0-3* 
Days mg N/kg soil 
0 6 2 12 11 
7 6 4 11 10 
14 8 6 10 12 
21 8 5 9 10 
28 8 5 9 8 
42 11 7 11 12 
70 17 11 16 17 
98 20 15 20 20 
126 28 25 30 25 
210 52 65 77 55 
294 73 129 111 91 
®S-1 = soybean plots 
^c-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
dc-3 = 336 kg N/ha corn plots 
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Table 16. Concentrations of ammonium for site 1 
NH^-N in soil 
Incubation 
period S-1* C-l^ c-2°  C-S* 
Days mg N/kg soil 
0 3 3 3 3 
7 2 1 2 2 
14 2 3 3 3 
21 2 3 3 3 
28 3 3 3 3 
42 2 2 4 3 
70 3 3 3 3 
98 2 2 2 2 
126 2 2 2 2 
210 2 2 3 3 
294 3 3 3 3 
*S-l = soybean plots 
^c-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
dc-3 = 336 kg N/ha corn plots 
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Table 17. Concentrations of ammonium for site 2 
NH^-N in soil 
Incubation 
period S-1® 0-1^ c-2° C-3^ 
Days mg N/kg soil 
0 4 4 3 7 
7 4 5 3 3 
14 4 3 4 4 
21 2 3 2 3 
28 3 3 3 4 
42 3 4 4 4 
70 2 2 3 3 
98 3 3 3 4 
126 2 2 2 3 
210 1 1 1 1 
294 1 1 0 2 
*S-i = soybean plots 
^C-1 = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
*^C-3 = 336 kg N/ha corn plots 
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Table 18. Concentrations of ammonium for site 3 
NHy-N in soil 
Incubation 
period S-1* C-l^ c-2° 0-3* 
Days mg N/kg soil 
0 2 2 2 2 
7 2 3 2 3 
14 2 2 3 3 
21 2 3 3 3 
28 2 3 3 3 
42 2 2 3 3 
70 2 2 2 3 
98 1 2 2 2 
126 1 2 1 2 
210 2 3 2 3 
294 2 3 3 2 
*S-l = soybean plots 
^c-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
dc-3 = 336 kg N/ha corn plots 
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Table 19. Concentrations of ammonium for site 4 
Incubation 
period S-1® 
NH 
c-
^-N in soil 
lb c-2° C-3d 
Days rj/Ky soil ——— 
0 2 2 2 2 
7 2 2 2 2 
14 2 3 3 3 
21 3 3 3 3 
28 2 3 3 3 
42 2 2 3 3 
70 1 2 2 2 
98 1 2 2 2 
126 2 2 2 2 
210 2 1 2 2 
294 -1 1 1 1 
*S-1 = soybean plots 
^C-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
dc-3 = 336 kg N/ha corn plots 
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Table 20. Concentrations of ammonium for site 5 
NH^-N in soil 
Incubation 
period S-1® C-l^ c-2° C-S^ 
Days mg N/kg soil 
0 2 2 2 2 
7 1 3 3 2 
14 2 3 3 3 
21 3 3 3 3 
28 4 5 4 4 
42 2 3 3 3 
70 2 2 2 2 
98 2 2 3 2 
126 2 3 3 3 
210 3 7 4 3 
294 2 3 3 2 
®S-1 = soybean plots 
^c-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
dc-3 = 336 kg N/ha corn plots 
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Table 21. Concentrations of CO2 evolved for site 1 
Amounts of COo evolved 
Incubation 
period S-1* C-l^ c-2° C-3*^ 
Days mg COg-C/kg soil 
0-7 173 165 168 167 
0-11 249 239 242 247 
0-14 289 288 289 298 
0-21 345 368 360 373 
0-28 388 432 412 437 
0-42 419 481 445 477 
0-70 459 503 473 514 
0-98 476 579 541 535 
0-126 494 613 596 561 
0-154 510 628 611 581 
0-182 524 646 627 607 
0-210 540 675 648 630 
®S-1 = soybean plots 
^C-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
^^-3 = 336 kg N/ha corn plots 
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Table 22. Concentrations of CO2 evolved for site 2 
Amounts of CO^ evolved 
Incubation 
period S-1* C-1^ C-2° C-S* 
Days mg CO^-C/kg soil 
0-7 203 202 193 181 
0-11 269 273 262 248 
0-14 329 323 309 294 
0-21 392 393 382 352 
0-28 437 452 437 403 
0-42 474 513 496 444 
0-70 506 544 525 470 
0-98 537 572 545 494 
0-126 565 595 567 514 
0-154 584 613 588 530 
0-182 599 632 604 544 
0-210 624 650 621 559 
*8-1 = soybean plots 
bc-i = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
dc-3 = 336 kg N/ha corn plots 
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Table 23. Concentrations of CO2 evolved for site 3 
Amounts of COn evolved 
Incubation 
period S-1* C-l^ c-2° 0-3^ 
Days mg C02-C/kg soil 
0-7 153 153 139 158 
0-11 231 228 211 238 
0-14 276 287 263 293 
0-21 321 359 323 359 
0-28 356 400 363 408 
0-42 380 451 400 439 
0-70 400 502 455 475 
0-98 421 527 478 505 
0-126 441 546 506 527 
0-154 455 562 537 548 
0-182 470 583 555 567 
0-210 488 606 576 603 
*S-1 = soybean plots 
bc-i = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
dc-3 = 336 kg N/ha corn plots 
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Table 24. Concentrations of COg evolved for site 4 
Amounts of CO2 evolved 
Incubation 
period S-1* C-l^ c-2° C-S* 
Days mg COg-C/kg soil 
0-7 181 184 175 178 
0-11 265 262 248 249 
H
 
1 
0
 312 314 292 292 
0-21 369 387 353 348 
0-28 402 439 387 380 
0-42 430 485 416 409 
0-70 467 539 442 430 
0-98 500 567 461 448 
0-126 519 589 477 467 
0-154 532 604 491 484 
0-182 545 624 505 500 
0-210 556 641 519 514 
*S-l = soybean plots 
^C-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
d'c-S = 33 6 kg N/ha corn plots 
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Table 25. Concentrations of COg evolved for site 5 
Amounts of COn evolved 
Incubation 
period S-1^ C-l^ c-2° C-S* 
Days mg C02-C/kg soil 
0-7 148 135 129 129 
0-11 221 204 197 200 
0-14 261 254 241 244 
0-21 313 318 304 302 
0-28 345 363 349 338 
0-42 367 391 379 362 
0-70 391 422 409 387 
0-98 410 445 433 407 
0-126 425 485 462 423 
0-154 442 512 503 439 
0-182 464 542 537 463 
0-210 485 605 586 485 
*S-l = soybean plots 
^C-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
dc-3 = 336 kg N/ha corn plots 
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Table 26. Rates of COg evolution for site 1 
Incubation 
period S-1* 
Rates of COn 
C-lb 
evolution 
C-2° C-3*^ 
Days • mg COg-C/kg soil/day • 
0-7 24.7 23.6 23.9 23.9 
8-11 10.8 10.5 10.6 11.4 
12-14 5.8 6.9 6.8 7.3 
15-21 8.0 11.5 10.0 10.7 
22-28 6.1 9.2 7.4 9.2 
29-42 4.4 7.0 4.8 5.6 
43-70 5.8 3.1 4.0 5.3 
71-98 2.4 10.9 9.7 3.0 
99-126 2.6 4.8 7.8 3.6 
127-154 2.3 2.1 2.2 2.9 
155-182 1.9 2.5 2.2 3.8 
183-210 2.2 4.2 3.1 3.3 
*S-1 = soybean plots 
^c-i = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
^0-3 = 336 kg N/ha corn plots 
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Table 27. Rates of COg evolution for site 2 
Incubation 
period S-1* 
Rates of COn 
C-lb 
evolution 
C-2° C-3d 
Days • mg COj-C/kg soil/day • 
0-7 29.0 28.9 27.6 25.9 
8-11 9.5 10.1 9.8 9.5 
12-14 8.5 7.1 6.8 6.5 
15-21 9.0 10.0 10.5 8.4 
22-28 6.4 8.4 7.8 7.2 
29-42 5.3 8.8 8.5 5.9 
43-70 4.5 4.4 4.2 3.6 
71-98 4.5 4.0 2.8 3.5 
99-126 3.9 3.3 3.2 2.8 
127-154 2.7 2.6 3.0 2.3 
155-182 2.3 2.7 2.3 2.0 
183-210 3.5 2.5 2.5 2.3 
®S-1 = soybean plots 
^C-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
dc-3 = 336 kg N/ha corn plots 
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Table 28. Rates of CO2 evolution for site 3 
Incubation 
period S-1* 
Rates of COn 
C-lb 
evolution 
C-2° 0-3* 
Days • mg COj-C/kg soil/day • 
0-7 21.9 21.9 19.8 22.5 
8-11 11.1 10.7 10.4 11.5 
12-14 6.6 8.4 7.3 7.9 
15-21 6.4 10.3 8.6 9.4 
22-28 5.0 5.9 5.7 7.0 
29-42 3.5 7.4 5.3 4.4 
43-70 2.9 7.3 7.9 5.2 
71-98 2.9 3.6 3.2 4.2 
99-126 2.9 2.7 4.0 3.1 
127-154 2.1 2.3 4.5 3.1 
155-182 2.1 2.9 2.6 2.8 
183-210 2.5 3.4 2.9 5.1 
*S-1 = soybean plots 
^C-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
dc-3 == 336 kg N/ha corn plots 
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Table 29. Rates of CO2 evolution for site 4 
Incubation 
period S-1* 
Rates of COn 
C-lb 
evolution 
C-2° 0-3* 
Days • mg COg-C/kg soil/day • 
0-7 25.9 26.3 25.0 25.5 
8-11 12.0 11.1 10.4 10.1 
12-14 6.7 7.4 6.3 6.1 
15-21 8.1 10.5 8.7 8.1 
22-28 4.8 7.3 4.9 4.6 
29-42 4.0 6.7 4.2 4.1 
43-70 5.2 7.7 3.7 3.0 
71-98 4.8 3.9 2.6 2.5 
99-126 2.7 3.1 2.3 2.7 
127-154 1.9 2.2 2.0 2.4 
155-182 1.9 2.8 2.0 2.2 
183-210 1.6 2.5 2.0 2.0 
*S-1 = soybean plots 
^C-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
^C-3 = 336 kg N/ha corn plots 
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Table 30. Rates of COg evolution for site 5 
Incubation 
period S-1® 
Rates of COn 
C-lb 
evolution 
C-2° C-3d 
Days • mg COg-C/kg soil/day • 
0-7 21.2 19.3 18.4 18.4 
8-11 10.4 9.9 9.7 10.2 
12-14 5.8 7.0 6.4 6.3 
15-21 7.4 9.2 8.9 8.3 
22-28 4.5 6.4 6.4 5.1 
29-42 3.2 3.9 4.3 3.4 
43-70 3.4 4.5 4.4 3.6 
71-98 2.6 3.3 3.4 2.8 
99-126 2.3 5.7 4.1 2.3 
127-154 2.3 3.9 5.9 2.3 
155-182 3.1 4.2 4.9 3.4 
183-210 3.0 9.0 6.9 3.2 
*S-l = soybean plots 
^C-l = 112 kg N/ha corn plots 
°C-2 = 224 kg N/ha corn plots 
^0-3 = 336 kg N/ha corn plots 
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Table 1. Summary of model parameters for maximum 
immobilization from site 1 
summary of parameters 
Rotation® Reo Ab B° Cd RSO' 
C-1 1 43.0 -43.2 -0.13 0.99 
C-1 2 48.7 -49.0 -0.11 0.98 
C-1 3 43.2 -43.4 -0.11 0.99 
C-1 4 54.5 -52.5 -0.07 0.98 
C-2 1 41.8 -41.6 -0.12 0.99 
C-2 2 36.2 -36.2 -0.10 0.99 
C-2 3 38.5 -38.5 -0.13 0.99 
C-2 4 36.1 -36.5 -0.10 0.99 
C-3 1 38.4 -39.4 -0.11 0.97 
C-3 2 34.4 -34.1 -0.10 0.99 
C-3 3 32.5 -32.5 -0.13 0.99 
C-3 4 36.6 -36.7 -0.13 0.98 
S-1 1 44.1 —54.5 -0.27 0.67 
S-1 2 60.8 —60.8 -0.20 0.99 
S-1 3 48.9 -49.1 -0.22 0.96 
S-1 4 40.0 -40.1 -0.24 0.97 
"Rotation 
C-1 denotes 112 kg N/ha corn plots 
C-2 denotes 224 kg N/ha corn plots 
C-3 denotes 336 kg N/ha corn plots 
S-1 denotes soybean plots 
^model asymptotic maximum 
®model parameter 
^model parameter 
®model correlation coefficient 
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Table 2. Summary of model parameters for maximum 
immobilization from site 2 
Summary of parameters 
Rotation* Rep Ab B° Cd RSO' 
C-1 1 37.5 -39.1 -0.09 0.97 
C-1 2 44.4 -44.3 -0.16 0.99 
C-1 3 36.4 -36.2 -0.13 0.99 
C-1 4 46.9 -46.8 -0.18 0.98 
C-2 1 39.5 -39.5 -0.20 0.98 
C-2 2 30.8 -30.9 -0.16 0.98 
C-2 3 24.6 -24.8 -0.14 0.90 
C-2 4 27.9 -27.9 -0.17 0.91 
C-3 1 19.7 -19.7 -0.34 0.81 
C-3 2 19.7 -19.8 -0.23 0.53 
C-3 3 23.7 -23.7 -0.18 0.96 
C-3 4 21.6 -21.7 -0.20 0.74 
S-1 1 38.8 -39.0 -0.20 0.98 
S-1 2 40.5 -40.5 -0.22 0.97 
S-1 3 38.7 -38.8 -0.19 0.97 
S-1 4 47.2 -47.2 -0.24 0.98 
^Rotation 
C-1 denotes 112 kg N/ha corn plots 
C-2 denotes 224 kg N/ha corn plots 
C-3 denotes 336 kg N/ha corn plots 
S-1 denotes soybean plots 
bmodel asymptotic maximum 
"model parameter 
^model parameter 
®model correlation coefficient 
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Table 3. Summary of model parameters for maximum 
immobilization from site 3 
Summary of parameters 
Rotation* Ret) Ab B° Cd RSO' 
C-1 1 71.0 —68.6 —0.06 0.98 
C-1 2 50.2 -49.7 -0.08 0.99 
C-1 3 60.8 -58.0 -0.06 0.98 
C-1 4 72.8 -69.4 -0.05 0.97 
C-2 1 39.6 -40.4 -0.11 0.98 
C-2 2 56.4 -55.7 -0.09 0.99 
C-2 3 72.8 -68.7 -0.04 0.98 
C-2 4 62.5 -61.0 -0.05 0.98 
C-3 1 50.8 -50.7 -0.12 0.99 
C-3 2 48.8 -49.0 -0.10 0.99 
C-3 3 52.1 -51.4 -0.08 0.99 
C-3 4 56.2 -55.6 -0.08 0.99 
S-1 1 37.1 -36.9 -0.12 0.99 
S-1 2 42.3 -41.4 -0.12 0.98 
S-1 3 40.7 -40.4 -0.13 0.99 
S-1 4 44.0 -43.6 -0.12 0.99 
^Rotation 
C-1 denotes 112 kg N/ha corn plots 
C-2 denotes 224 kg N/ha corn plots 
C-3 denotes 336 kg N/ha corn plots 
S-1 denotes soybean plots 
^model asymptotic maximum 
°model parameter 
^model parameter 
®model correlation coefficient 
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Table 4. Summary of model parameters for maximum 
immobilization from site 4 
Summary of parameters 
Rotation* Ren Ab Cd RSO' 
C-1 1 37.9 -38.1 -0.11 0.99 
C-1 2 39.3 -39.5 -0.14 0.98 
C-1 3 35.9 -36.1 -0.10 0.99 
C-1 4 37.6 -37.9 -0.13 0.97 
C-2 1 36.6 -37.0 -0.13 0.97 
C-2 2 39.8 -39.5 -0.11 0.99 
C-2 3 34.7 -35.0 -0.12 0.98 
C-2 4 39.8 -39.7 -0.14 0.99 
C-3 1 36.3 -36.1 -0.14 0.99 
C-3 2 38.2 -38.1 -0.18 0.99 
C-3 3 31.0 -30.9 -0.22 0.97 
C-3 4 36.6 -36.1 -0.15 0.96 
S-1 1 28.9 -29.0 -0.22 0.73 
S-1 2 28.2 -28.4 -0.21 0.92 
S-1 3 26.1 -26.3 -0.24 0.85 
S-1 4 30.7 -30.8 -0.33 0.82 
^Rotation 
C-1 denotes 112 kg N/ha corn plots 
C-2 denotes 224 kg N/ha corn plots 
C-3 denotes 336 kg N/ha corn plots 
S-1 denotes soybean plots 
^model asymptotic maximum 
"model parameter 
^model parameter 
®model correlation coefficient 
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Table 5. Summary of model parameters for maximum 
immobilization from site 5 
Summary of parameters 
Rotation® Rep Ab Cd RSO" 
C-1 1 57.7 -55.4 -0.06 0.98 
C-1 2 83.5 -82.0 —0.05 0.99 
C-1 3 89.2 -85.8 -0.04 0.95 
C-1 4 87.4 -83.8 -0.04 0.96 
C-2 1 64.0 -62.8 -0.04 0.96 
C-2 2 60.6 -60.1 -0.07 0.93 
C-2 3 75.2 -71.6 -0.04 0.98 
C-2 4 69.1 -66.2 —0.05 0.95 
C-3 1 61.0 -58.7 -0. 05 0.98 
C-3 2 50.7 -49.8 -0.08 0.99 
C-3 3 73.3 -71.1 -0.05 0.97 
C-3 4 52.4 —50.5 —0.05 0.98 
S-1 1 41.2 -41.3 -0.18 0.99 
S-1 2 45.2 -45. 0 -0.15 0.99 
S-1 3 61.1 -57.6 -0.07 0.94 
S-1 4 52.0 -50.8 -0.11 0.98 
^Rotation 
C-1 denotes 112 kg N/ha corn plots 
C-2 denotes 224 kg N/ha corn plots 
C-3 denotes 336 kg N/ha corn plots 
S-1 denotes soybean plots 
^model asymptotic maximum 
°model parameter 
^model parameter 
®model correlation coefficient 
134 
Table 6. Summary of model parameters for maximum 
immobilization for treatment averages 
Summary of parameters 
Site Rotation® Ab Cd RSO® 
1 C-1 47.0 -47.0 -0.11 0.93 
1 C-2 38.1 -38.1 -0.11 0.95 
1 C-3 35.4 -35.6 -0.12 0.95 
1 S-1 45.1 -45.2 -0.22 0.88 
2 C-1 41.0 -41.1 -0.13 0.84 
2 C-2 30.4 -30.4 -0.17 0.73 
2 C-3 21.1 -21.2 -0.22 0.78 
2 S-1 41.2 -41.2 -0.20 0.91 
3 C-1 63.4 —61.3 -0.06 0.88 
3 C-2 56.7 -55.7 -0.06 0.82 
3 C-3 51.9 -55.6 -0.09 0.97 
3 S-1 40.9 -40.5 -0.12 0.96 
4 C-1 37.6 -37.9 -0.12 0.96 
4 c-2 37.8 -37.8 -0.12 0.96 
4 C-3 35.5 -35.3 -0.17 0.93 
4 S-1 28.5 -28.6 -0.25 0.79 
5 C-1 79.6 -76.0 -0.04 0.86 
5 C-2 66.9 —65.0 —0.05 0.93 
5 C-3 59.2 -57.3 -0.06 0.87 
5 S-1 49.3 -48.5 -0.12 0.86 
"Rotation 
C-1 denotes 112 kg N/ha corn plots 
C-2 denotes 224 kg N/ha corn plots 
C-3 denotes 336 kg N/ha corn plots 
S-1 denotes soybean plots 
^model asymptotic maximum 
"model parameter 
^model parameter 
®model correlation coefficient 
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Table 7. Summary of model parameters for maximum 
immobilization for rotation averages 
Summary of parameters 
Rotation* Ab Cd RSO® 
C-1 52.8 -57.1 —0.08 0.99 
C-2 45.4 -44.9 -0.08 0.99 
C-3 40.1 -39.7 -0.10 0.99 
S-1 40.5 -40. 5 -0.17 0.99 
^Rotation 
C-1 denotes 112 kg N/ha corn plots 
C-2 denotes 224 kg N/ha corn plots 
C-3 denotes 336 kg N/ha corn plots 
S-1 denotes soybean plots 
''model asymptotic maximum 
®model parameter 
^model parameter 
®model correlation coefficient 
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Table 8. Summary of model parameters for maximum 
stover-COg evolution for site 1 
Summary of parameters 
Rotation® Rep Ab B° Cd RSO' 
C-1 1 462.6 -463.9 -0.06 0.99 
C-1 2 544.1 -547.5 —0.06 0.98 
C-1 3 454.5 -464.3 -0.07 0.99 
C-1 4 378.7 -383.9 -0.08 0.99 
C-2 1 365.1 -371.0 -0.08 0.98 
C-2 2 455.7 -456.3 -0.08 0.99 
C-2 3 425.9 -430.7 -0.07 0.99 
C-2 4 428.6 -432.5 -0.07 0.99 
C-3 1 446.9 -458.6 -0.07 0.99 
C-3 2 498.1 -503.3 -0.07 0.99 
C-3 3 477.5 -483.7 -0.07 0.99 
C-3 4 414.4 -421.4 -0.08 0.99 
S-1 1 400.9 -404.9 -0.09 0.99 
S-1 2 468.7 -466.2 -0.07 0.99 
S-1 3 404.7 -403.9 -0.07 0.99 
S-1 4 406.4 -407.9 -0.08 0.99 
^Rotation 
C-1 denotes 112 kg N/ha corn plots 
C-2 denotes 224 kg N/ha corn plots 
C-3 denotes 336 kg N/ha corn plots 
S-1 denotes soybean plots 
^model asymptotic maximum 
°model parameter 
^model parameter 
®model correlation coefficient 
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Table 9. Summary of model parameters for maximum 
stover-C02 evolution for site 2 
Summary of parameters 
Rotation* Reo Ab Cd RSO' 
C-1 1 466.7 -468.0 -0.08 0.99 
C-1 2 566.4 -566.4 —0.06 0.99 
C-1 3 469.1 -467.3 -0.07 0.99 
C-1 4 492.6 -491.2 -0.07 0.99 
C-2 1 507.0 -505.1 -0.07 0.99 
C-2 2 483.8 -486.4 -0.07 0.99 
C-2 3 480.6 -481.9 -0.07 0.99 
C-2 4 450.6 -452.0 -0.07 0.99 
C-3 1 424.5 -424.3 -0.07 0.99 
C-3 2 432.4 -434.1 —0.08 0.99 
C-3 3 429.6 -429.0 -0.08 0.99 
C-3 4 440.9 -442.3 -0.08 0.99 
S-1 1 505.9 -509.1 -0.08 0.99 
S-1 2 419.6 -419.1 -0.09 0.99 
S-1 3 446.4 -448.6 -0.09 0.99 
S-1 4 450.0 -449.1 -0.08 0.99 
^Rotation 
C-1 denotes 112 kg N/ha corn plots 
C-2 denotes 224 kg N/ha corn plots 
C-3 denotes 336 kg N/ha corn plots 
S-1 denotes soybean plots 
^model asymptotic maximum 
°model parameter 
^model parameter 
®model correlation coefficient 
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Table 10. Summary of model parameters for maximum 
stover-COg evolution for site 3 
Summary of parameters 
Rotation* Rep Ab B° C«^ RSO' 
C-1 1 642.9 -643.0 —0.05 0.99 
C-1 2 390.4 -396.6 -0.07 0.99 
C-1 3 387.4 -394.0 -0.08 0.99 
C-1 4 411.0 -417.5 -0.08 0.99 
C-2 1 437.6 -445.7 -0.07 0.99 
C-2 2 378.2 -382.3 -0.07 0.99 
C-2 3 355.1 -359.7 -0.08 0.99 
C-2 4 399.9 -403.0 -0.07 0.99 
C-3 1 538.2 -544.6 -0.07 0.99 
C-3 2 406.1 -412.1 -0.08 0.99 
C-3 3 349.4 -355.1 -0.07 0.99 
C-3 4 392.9 -404.0 -0.09 0.99 
S-1 1 370.6 -375.3 -0.09 0.99 
S-1 2 392.2 -397.6 -0.09 0.99 
S-1 3 342.1 -348.3 -0.10 0.99 
S-1 4 346.1 -350.5 -0.09 0.99 
"Rotation 
C-1 denotes 112 kg N/ha corn plots 
C-2 denotes 224 kg N/ha corn plots 
C-3 denotes 33 6 kg N/ha corn plots 
S-1 denotes soybean plots 
^model asymptotic maximum 
°model parameter 
d^model parameter 
®model correlation coefficient 
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Table 11. Summary of model parameters for maximum 
stover-C02 evolution for site 4 
Summary of parameters 
Rotation* Rep Ab Cd RSO' 
C-1 1 588.1 -585.0 —0.05 0.99 
C-1 2 499.8 -501.7 -0.07 0.99 
C-1 3 467.6 -468.7 -0.08 0.99 
C-1 4 428.4 -431.5 —0.08 0.99 
C-2 1 382.8 -386.4 -0.08 0.99 
C-2 2 430.5 -433.4 -0.08 0.99 
C-2 3 441.6 -443.0 -0.09 0.99 
C-2 4 374.2 -378.3 -0.09 0.99 
C-3 1 370.0 -373.4 -0.10 0.99 
C-3 2 394.3 -397.3 -0.09 0.99 
C-3 3 374.6 -377.2 -0.09 0.99 
C-3 4 423.3 -425.4 -0.09 0.99 
S-l 1 396.8 -399.5 -0.09 0.99 
S-l 2 405.2 -407.6 -0.09 0.99 
S-l 3 469.4 -469.5 —0.08 0.99 
S-l 4 457.2 -459.2 -0.08 0.99 
"Rotation 
C-1 denotes 112 kg N/ha corn plots 
C-2 denotes 224 kg N/ha corn plots 
C-3 denotes 336 kg N/ha corn plots 
S-l denotes soybean plots 
^model asymptotic maximum 
°model parameter 
^model parameter 
®model correlation coefficient 
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Table 12. Summary of model parameters for maximum 
stover-C02 evolution for site 5 
Summary of parameters 
Rotation* Ret) Ab Cd RSO' 
C-1 1 364.1 -370.3 -0.07 0.99 
C-1 2 380.8 -391.2 -0.08 0.99 
C-1 3 339.0 -348.0 -0.08 0.99 
C-1 4 268.9 -278.1 -0.12 0.91 
C-2 1 323.0 -332.4 -0.09 0.98 
C-2 2 320.1 -330.2 -0.09 0.98 
c-2 3 351.9 -360.1 -0.08 0.99 
c-2 4 288.4 -296.9 -0.10 0.97 
C-3 1 342.1 -348.3 -0.08 0.99 
C-3 2 350.5 -359.1 -0.08 0.99 
C-3 3 321.5 -330.4 -0.09 0.99 
C-3 4 355.0 -362.7 -0.08 0.99 
S-1 1 341.7 -346.6 -0.09 0.99 
S-1 2 349.6 -355.7 -0.09 0.99 
S-1 3 343.4 -348.6 -0.09 0.99 
S-1 4 353.6 -358.5 -0.09 0.99 
^Rotation 
C-1 denotes 112 kg N/ha corn plots 
C-2 denotes 224 kg N/ha corn plots 
C-3 denotes 336 kg N/ha corn plots 
S-1 denotes soybean plots 
^model asymptotic maximum 
"model parameter 
^odel parameter 
®model correlation coefficient 
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Table 13. Summary of model parameters for stover-C02 
evolution for treatment averages 
Summarv of parameters 
Lte Rotation® Ab Cd RSQ® 
1 C-1 459.1 -464.3 -0.07 0.90 
1 C-2 418.8 -422.6 -0.08 0.95 
1 C-3 459.2 —466.6 -0.07 0.96 
1 S-1 419.8 -420.5 -0.08 0.98 
2 C-1 498.5 -497.8 -0.07 0.97 
2 C-2 480.4 -481.3 -0.07 0.99 
2 C-3 431.8 -432.4 -0.08 0.99 
2 S-1 455.4 —456.4 -0.08 0.97 
3 C-1 456.4 -461.0 —0.06 0.79 
3 C-2 392.7 -397.6 -0.07 0.97 
3 C-3 421.2 -428.7 -0.08 0.85 
3 S-1 362.7 -367.9 -0.09 0.98 
4 C-1 494.9 -495.4 -0.07 0.94 
4 C-2 407.2 -410.2 -0.08 0.96 
4 C-3 390.5 -393.3 -0.09 0.98 
4 S-1 432.1 -433.8 -0.08 0.97 
5 C-1 337.1 -346.4 -0.09 0.90 
5 C-2 320.6 -329.7 -0.09 0.96 
5 C-3 342.1 -350.0 -0.08 0.98 
5 S-1 347.1 -352.3 -0.09 0.99 
^Rotation 
C-1 denotes 112 kg N/ha corn plots 
C-2 denotes 224 kg N/ha corn plots 
C-3 denotes 336 kg N/ha corn plots 
S-1 denotes soybean plots 
^model asymptotic maximum 
°model parameter 
^model parameter 
®model correlation coefficient 
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Table 14. Summary of model parameters for maximum 
stover-C02 evolution for rotation averages 
"Rotation 
C-1 denotes 112 kg N/ha corn plots 
C-2 denotes 224 kg N/ha corn plots 
C-3 denotes 336 kg N/ha corn plots 
S-1 denotes soybean plots 
^model asymptotic maximum 
°model parameter 
^model parameter 
Summary of parameters 
Rotation* ^ Bf çH RSO° 
C-1 
C-2 
C-3 
S-1 
448.6 -452.7 -0.07 
403.6 -408.0 -0.08 
408.9 -413.9 -0.08 
403.2 -406.1 -0.08 
0.99 
0.99 
0.99 
0.99 
®model correlation coefficient 
